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P R E F A C E .
In  t h i s  t h e s i s  I  have t r i e d  to  show how th e  method of 
G-amma-Ray Spectroscopy i s  used as a t o o l  in  o b ta in in g  
in fo rm atio n  about th e  s t a t io n a r y  s t a t e s  o f  n u c le i .  P a r t  I ,  
in  which I  have drawn f r e e l y  from Devons (E xc ited  S ta te s  of  
N u c le i) ,  d e a ls  w ith  th e  g e n e ra l  argument and w ith  th e  
te ch n iq u e s  a v a i la b le  in  th e  a p p l ic a t io n  of th e  method.
P a r t  I I  c o n ta in s  an a n a ly s is  o f  th e  r e l a t i v e  m e r i ts  o f  
th e  v a r io u s  ty p e s  o f  speo trom ete r  employing magnetic 
r e s o lu t io n ,  and le a d s  to  th e  choice and design of th e  i n s t ­
ru m e n ts  b u i l t  here  and used in  th e  experim ents d esc r ib ed  
l a t e r .  The a n a ly s i s  and des igns  a re  in  g e n e ra l  o r ig in a l ;  
th e  p r in c ip l e s  invo lved  a re  n o t .  I  might mention here  
Appendix I ,  which c o n ta in s  a design  f o r  a  new type  o f  b e ta -  
ra y  spec tro m ete r  o f  v e ry  h igh  i n t e n s i t y  f a c t o r .  This  work 
has been p laced  in  an appendix s o le ly  because th e  i n s t r u ­
m e n t i s  no t s u i t a b l e  f o r  use as a gamma-ray spec trom ete r , 
bu t th e  des ign , which i s  a development of  an id e a  suggested  
by Dr. S.C. Curran, may prove to  be im portan t in  th e  
s e p a ra t io n  of complex b e ta - r a y  s p e c t r a  by th e  method of 
beta-gamma co in c id e n ces .
P a r t s  I I I  and IV d e sc r ib e  t h e  experim enta l work and th e  
s ig n i f ic a n c e  of th e  r e s u l t s  o b ta in ed ; th e  m a tte r  here  i s  
o r ig in a l ,  a l l  th e  work having been c a r r i e d  out s o le ly  by 
myself w ith  th e  excep tion  o f  th e  experiment on P> ( i l l , 2).
T h is /
This experim ent, which invo lved  th e  use of th e  pro ton  
a c c e le r a to r ,  was suggested  by Mr. J.G-. R u therg len , and was 
c a r r i e d  out in  c o l la b o ra t io n  w ith  him and w ith  Mr. R.D. 
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th e  work, a lso  Dr. B.E.X. Touschek and Mr. D.L. Pursey f o r  
h e lp fu l  d isc u ss io n  on s e v e ra l  p o in ts  o f  th e o ry ,  and
f i n a l l y  Mr. H.Vif. Wilson f o r  perm iss ion  to  reproduce th e
203spectrum of th e  gamma-rays from Hg  ^ which he observed 
w ith  one of  th e  sp ec tro m ete rs  mentioned above.
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PART I .  -  GENERAL INTRODUCTION.
1 ,1 .  The purpose of Gamma-Ray Spectroscopy; i t s  c a p a b i l i t i e s
and l i m i t a t i o n s .
I t  might be s t a t e d  t h a t  gamma-rays a re  th e  l i g h t  of th e  
atomic nucleus  s in ce  th e y  are  th e  e lec tro -m ag n e tic  r a d ia t io n  
em itted  by th e  nucleus  during  a change from one s t a t e  to  
ano ther  in  th e  absence o f  p a r t i c l e  em ission. Now i t  i s  w ell 
known t h a t  th e  in te n s iv e  study  of o p t i c a l  s p e c t r a  which took 
p lace  towards th e  end of th e  n in e te e n th  cen tu ry , and th e  
g en e ra l  em p ir ica l  laws which were found to  govern th e  s p e c t r a  
em itted  by hydrogen and a few o th e r  elem ents, l a i d  th e  b a s i s  
f o r  th e  th e o r i e s  which were l a t e r  to  ex p la in  not only  th e  
em ission of o p t i c a l  s p e c t r a ,  but th e  whole e l e c t ro n ic  s t r u c tu r e  
o f  th e  atom. Consequently i t  might seem not unreasonab le  to  
suppose t h a t  th e  study  of th e  n u c le a r  gamma-rays would le a d  to  
a s im i la r  c o l l e c t io n  of d a ta  concerning  n u c le a r  s p e c tr a ,  which 
must le a d  in  th e  end to  th e  fo rm u la tio n  of em p ir ic a l  r u l e s  and 
so to  a b e t t e r  unders tand ing  of t h e  s t r u c tu r e  of th e  atomic 
n u c le i  .
While i t  i s  arguments of t h i s  k ind  which prov ide  th e  main 
j u s t i f i c a t i o n  f o r  th e  study of gamma-ray spectroscopy , i t  must 
be c l e a r ly  understood  t h a t  th e  analogy b e t ween o p t i c a l  and 
gamma-ray spectroscopy  i s  only a very  lo o se  one, f o r  th e  
fo llo w in g  re a so n s .  F i r s t l y ,  in  th e  atomic case i t  i s  com- 
:p a r a t iv e ly  easy to  e x c i te  th e  whole spectrum, and measurements
of th e  energy (o r  wavelength) of each l i n e  can be made w ith  a 
v e ry  high degree o f  p r e c i s io n ,  w hile in  th e  n u c le a r  case 
e x c i ta t io n  i s  only p o s s ib le  th rough  s p e c i f i c  n u c le a r  r e a c t io n s  
or  th rough  r a d io a c t iv e  decay ,+ and a p a r t  from th e  low energy 
reg io n  (up to  about 1 M.E.V.) where o p t i c a l  d i f f r a c t io n  
tech n iq u es  can be used, th e  p re c is io n  a v a i la b le  in  gamma-ray 
energy measurement i s  norm ally  only about 1%. In  th e  second 
p la c e  th e  o b se rv a tio n  of atomic s p e c t r a  r e p re s e n ts ,  i f  no t th e  
only way, c e r t a i n l y  th e  most ac c u ra te  way in  which in fo rm ation  
can be ob ta ined  about th e  energy l e v e l s  in  th e  e l e c t ro n ic  
s t r u c tu r e  of th e  atom: in  th e  n u c le a r  case however, th e
measurement of gamma-ray en e rg ie s  i s  only one of se v e ra l  te c h -  
:n iau es  f o r  o b ta in in g  in fo rm ation  about n u c le a r  l e v e l s ,  and 
w hile i t  i s  th e  most g en e ra l  method a v a i la b le ,  th e r e  a re  
c e r t a in ly  o th e rs  w ith  l im i te d  a p p l ic a t io n s  which prov ide  a much 
h ig h e r  degree of p r e c i s io n .
I t  i s  however t h i s  f e a t u r e  of g e n e r a l i ty  which makes th e  
method of gamma-ray spectroscopy  so a t t r a c t i v e  and p o t e n t i a l l y  
so im portan t in  th e  study of n u c le a r  s t r u c t u r e ,  f o r  a lthough 
i t  i s  p o s s ib le  by th e  study of e x c i t a t io n  curves due to  bombard­
m ent by p ro to n s  and n eu tro n s , to  o b ta in  v e ry  ac cu ra te  and 
d e t a i l e d /
4* E x c i ta t io n  by c o l l i s i o n  i s  of course p o s s ib le  u s in g  beams of 
f a s t  p a r t i c l e s ,  but i s  v e ry  d i f f i c u l t  compared w ith  th e  methods 
a p p l ic a b le  to  th e  e x c i ta t io n  of atomic s p e c tra .
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d e ta i l e d  in fo rm atio n  concerning a sm all p a r t  of th e  energy- 
l e v e l  diagram of th e  compound nucleus  formed, and although i t  
i s  p o s s ib le  in  p a r t i c l e - p a r t i c l e  r e a c t io n s ,  by observing  th e  
energy of th e  outcoming p a r t i c l e ,  to  o b ta in  in fo rm atio n  about 
th e  ab so lu te  p o s i t io n  of th e  l e v e l s  in  th e  r e s id u a l  nuc leus , 
each of th e se  methods i s  l im i te d  in  p r in c ip l e ,  and bo th  can 
be made to  y ie ld  s t i l l  more in fo rm ation  by combining w ith  t h e i r  
r e s u l t s ,  measurements of th e  e n e rg ie s  of th e  gamma-rays pro­
d u c e d  in  th e  r e a c t io n s  concerned. A l im i t a t i o n  to  th e  form er 
of th e  te ch n iq u e s  mentioned above i s  t h a t  th e  ca p tu re  of a 
nucleon by th e  nucleus  of a l i g h t  element always produces a 
compound nucleus which i s  in  a h ig h ly  e x c ite d  s t a t e ,  and so 
t h i s  method cannot be used to  exp lo re  th e  reg io n  nea r  th e  
ground s t a t e ;  f o r  in s ta n c e  i t  could not be used to  f in d  th e  
f i r s t  e x c i te d  s t a t e  of such a n u c leu s .  A l im i t a t i o n  which 
a p p l ie s  to  bo th  of th e  above te ch n iq u e s  i s  t h a t  i t  may not be 
p o s s ib le  to  i s o l a t e  th e  d e s ire d  r e a c t io n  because th e  t a r g e t  
nucleus may be r a d io a c t iv e  w ith  a sh o r t  h a l f - l i f e .  The 
im portan t p o in t  i s  t h a t  th e se  l im i t a t i o n s  in  th e  a p p l i c a b i l i t y  
of two of th e  b e s t  tech n iq u es  f o r  th e  study of n u c le a r  l e v e l s  
a re  l i m i t a t i o n s  which depend on th e  n a tu re  of m a tte r .  The 
l im i t a t i o n s  in  th e  use of gamma-ray spectroscopy  however, th e  
d i f f i c u l t y  in  e x c i t in g  th e  n u c le i  and in  ach iev ing  a high 
degree of p r e c i s io n ,  a re  r a t h e r  l im i t a t i o n s  in  tech n iq u e , 
which suggest t h a t  th e  s tudy  of t h i s  method may be v e ry  much 
w orth /
worth w h ile .
One f u r t h e r  g en e ra l  f e a tu r e  of gamma-ray spectroscopy  
must be mentioned b e fo re  we proceed to  d is c u s s  in  r a th e r  more 
d e t a i l  th e  k ind  of work th a t  has been done in  t h i s  f i e l d  up to  
th e  p r e s e n t ,  and t h a t  i s  t h a t  in  th e  examination of gamma-ray 
s p e c t r a  w ith  magnetic sp ec tro m ete rs ,  i t  i s  p o s s ib le  to  ob ta in  
in fo rm atio n , not only  about th e  energy of th e  gamma-ray l i n e s  
observed, but a lso  about th e  m u lt ip o le  o rd e r  of th e  t r a n s i t i o n s  
g iv in g  r i s e  to  th o se  l i n e s .  The reason  f o r  t h i s  i s  t h a t  th e  
emission of a photon by a nucleus always ta k e s  p la ce  in  
com petition  w ith th e  em ission of an e le c t ro n  ( i n t e r n a l  
Conversion) o r  of a p o s i t r o n - e le c t r o n  p a i r  ( I n te r n a l  P a i r -  
-C re a t io n )  th e  excess energy appearing  as k i n e t i c  energy of th e  
e le c t ro n  or p a i r .  Now th e  p r o b a b i l i ty  of occurrence of th e s e  
phenomena i s  a fu n c t io n  of  th e  m u lt ip o le  o rd e r  o f  th e  n u c lea r  
t r a n s i t i o n  concerned, and so a d e te rm in a tio n  of t h i s  p r o b a b i l i ty  
( In te rn a l  Conversion C o e f f ic ie n t ,  o r  I n t e r n a l  P a ir -C re a t io n  
C o e f f ic ie n t )  y ie ld s  in fo rm ation  about th e  m u lt ip o le  o rder  o f  th e  
t r a n s i t i o n ,  and so about th e  sp in s  o f  th e  n u c le a r  l e v e l s  
invo lved .
1 .2 .  Techniques in  G-amma-Hav bpectroscopy.
(a) D i f f r a c t io n .
I f  we now co n s id e r  in  more d e t a i l  th e  problem of th e  
measurement/
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measurement of gamma-ray e n e rg ie s ,  i t  i s  c l e a r  th a t  s ince  
gamma-rays r e a c t  w ith  m a tte r  in  a number of d i f f e r e n t  ways, 
th e re  a re  co rrespond ing ly  many ways in  which t h e i r  en e rg ies  
may be deduced. C e r ta in ly  th e  most fundam ental and p re c is e  
method of measurement i s  t h a t  a ffo rd ed  by d i f f r a c t i o n  a t  a 
g lanc ing  angle in  a c r y s t a l .  T h is  method, which i s  r e a l l y  an 
ex tension  of th e  o p t i c a l  tech n iq u e , i s  o f  course capable  of 
g re a t  accuracy  s in c e  i t  measures wavelength in  te rm s of th e  
c r y s t a l  l a t t i c e  spacing ; i t  has a lso  been improved l a t e l y  by 
th e  use of curved c r y s t a l s  to  produce a fo cu ss in g  e f f e c t  and 
in  t h i s  form has been used , among o th e r  th in g s ,  to  determ ine 
th e  wavelength o f  th e  two-quantum p o s i t ro n  a n n ih i la t io n  
r a d ia t io n  (Du Mond, l i n d  and Watson, 1949)* The l i m i t a t i o n s  
of  t h i s  method a re  t h a t  i t  demands a very  s trong  source and 
a lso  th a t  th e re  i s  an upper l im i t  to  th e  energy a t  which i t  can 
be used on account o f  th e  v e ry  small ang les  invo lved , which 
d im in ish  w ith  in c re a s in g  energy. Du Mond e t  a l .  used sources 
of  th e  o rd e r  of 1 Curie to  o b ta in  t h e i r  accuracy of 1 p a r t  in  
10,000, and th e  h ig h es t  energy l i n e  th e y  have in v e s t ig a te d  
appears to  be th e  1 .3  M.E.V. l i n e  from ra d io - c o b a l t  ( l in d ,  Du 
Mond and Brown, 1949)* Thus f o r  en e rg ie s  much in  excess of 1 
M.E.Y., and f o r  a l l  ca ses  where only sm all sources a re  a v a i l ­
a b l e ,  i n d i r e c t  methods must be used, such as th e  measurement 
of th e  ab so rp tio n  c o e f f i c i e n t  of th e  ray s  in  d i f f e r e n t  
m a te r ia l s ,  and measurements on secondary p a r t i c l e s  produced by 
t h e /
6th e  gamma-rays.
(b) Simple A bsorption .
The f i r s t  of th e se  methods, th a t  of determ in ing  th e  
ab so rp tio n  c o e f f i c i e n t  of th e  gamma-rays in  v a r io u s  m a te r ia l s ,  
i s  u s e fu l  in  th e  de te rm in a tio n  of th e  energy o f  s o f t  gamma- 
- r a d i a t i o n .  The measurements must however be c a r r i e d  out w ith  
g re a t  care  i f  e r r o r s  due to  s c a t t e r in g  a re  to  be avoided, and 
th e  method should p re fe ra b ly  be used only e m p ir ic a l ly ,  th a t  i s  
where gamma-rays of known energy a re  a v a i la b le  f o r  c a l ib r a t i o n  
purposes, where more than  one gamma-ray i s  p re se n t  in  th e  same 
energy reg io n ,  th e  method b reaks down com pletely , and i t  i s  
a lso  made d i f f i c u l t  a t  en e rg ies  much in  excess of 1 .5  M.E.V. by 
th e  f a c t  t h a t  a t  h igh  e n e rg ie s  th e  ab so rp tio n  c o e f f i c i e n t s  
change too slowly w ith  energy to  p rov ide much in fo rm a tio n .
There i s  a lso  th e  d i f f i c u l t y  th a t  s ince  th e  ab so rp tio n  
c o e f f i c i e n t s  have a minimum v a lu e ,  i t  i s  n ecessa ry  to  determine 
th e  c o e f f i c i e n t  in  more than  one m a te r ia l  to  avoid am biguity.
An example of th e  e r r o r s  involved  in  t h i s  method i s  given in  
th e  pub lish ed  r e s u l t s  on th e  r a d ia t io n s  o f  P r ^ ^  quoted in
I I I . l .
In  comparison w ith  th e  l im i te d  a p p l i c a b i l i t y  of th e  method 
of simple ab so rp tio n ,  measurements on th e  secondary p a r t i c l e s  
produced by gamma-rays have provided u se fu l  in fo rm ation  th rough­
o u t  th e  e n t i r e  observed gamma-ray spectrum. The secondary 
p a r t i c l e s  may be f u r t h e r  subdivided in to  l i g h t  and heavy 
p a r t i c l e s /
s
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p a r t i c l e s ,  th e  fo rm er, e le c t ro n s  and p o s i t ro n s ,  o r ig in a t in g  in  
th e  p h o to - e le c t r i c  e f f e c t ,  th e  Compton e f f e c t  and p a i r  
p ro d u c tio n , and th e  l a t t e r ,  p ro tons  and neu tro n s  mainly, in  th e  
n u c le a r  p h o to -e f f e c t .
(c) Huclear P h o to -E ffe c t .
While a l l  th e se  e f f e c t s  have been u t i l i s e d  in  th e  d e te r ­
m in a t io n  of gamma-ray e n e rg ie s ,  th e  use of th e  n u c le a r  photo­
e f f e c t  has of n e c e s s i ty  been r a t h e r  l im i te d .  I t  i s  l im i te d  on 
the  low energy s id e  by th e  f a c t  th a t  th e  nucleus most commonly 
used (Deuterium) r e q u i r e s  th e  th re s h o ld  energy of 2 .2  M.E.V. 
befo re  th e  e f f e c t  can be observed, while on th e  h igh  energy 
s id e  th e  use of th e  techn ique  i s  made d i f f i c u l t  by th e  f a c t  
t h a t  th e  c r o s s - s e c t io n  f o r  th e  e f f e c t  f a l l s  o f f ,  and a lso  a t  
h igh  en e rg ies  (above 10 M.E.V.) o th e r  n u c le i  s t a r t  to  d i s ­
i n t e g r a t e  which confuses th e  i n t e r p r e t a t i o n  of  th e  observed 
d a ta .  The method used by Gibson, Green and Livesey (1947) was 
to  im pregnate an I l f o r d  Duclear P la te  w ith  heavy w ater, expose 
i t  to  th e  gamma-rays, then  develop i t  and examine th e  pro ton  
t r a c k s .  In  t h i s  way they  were ab le  to  measure th e  energy of 
th e  6 M.E.V. gamma-rays from th e  F(p ,«0 r e a c t io n .  Here th e  
use of th e  method i s  c e r t a i n l y  r e s t r i c t e d  a t  h igh  en e rg ies  by 
th e  p h o to -d is in te g ra t io n  of o th e r  m a te r ia l s  in  th e  photographic  
p l a t e .
Another u s e fu l  a p p l ic a t io n  of th e  n u c le a r  p h o to -e f fe c t  to  
th e  measurement of gamma-ray en e rg ies  was t h a t  o f  Baldwin and 
Koch/
Koch (1945)* These au th o rs  made up a l i s t  of elements in  which 
th e  (2f,n) r e a c t io n  l e f t  a r a d io a c t iv e  nucleus w ith  a h a l f - l i f e  
of a t  l e a s t  s e v e ra l  m inutes and t h e i r  th re s h o ld s  range from 9-3 
M.E.V. f o r  Ag"^^ to  19 M.E.V. f o r  C ^ .  With t h i s  l i s t  i t  i s  
t h e o r e t i c a l l y  p o s s ib le  to  determ ine th e  end p o in t  o f  a gamma- 
- r a y  spectrum by a ’’B ra c k e tin g 1’ p ro cess ,  and t h i s  method was 
used r e c e n t ly  by Devons and Hereward (1948) to  dem onstrate th e  
ex is ten c e  of p ro ton  cap tu re  gamma-rays from F lu o r in e ,  u s ing  
Cu J as d e te c to r .  The method i s  of course r a th e r  crude, but 
has th e  g re a t  advantage t h a t  i t  makes i t  p o s s ib le  to  d e te c t  a 
very  weak high  energy r a d ia t io n  in  th e  presence  of in te n s e  
r a d ia t io n  of a lower energy, as in  th e  example quoted where th e  
h igh  energy r a d ia t io n  had not p re v io u s ly  been observed by any 
o th e r  method. I t  i s  however c l e a r  from th e  above, t h a t  th e  
use of th e  n u c le a r  p h o to -e f fe c t  does no t p rov ide  a method of 
gamma-ray spec troscopy  capable of  v e ry  g en e ra l  a p p l ic a t io n  
s in c e  i t  can only be used a t  r a t h e r  high e n e rg ie s ,  and even 
then  th e  most convenient method of u s ing  i t ,  th e  deuterium 
loaded p l a t e ,  b reaks down a t  much h ig h e r  en e rg ie s  because of 
th e  d i s in te g r a t io n  of o th e r  m a te r ia l s  in  th e  p l a t e .
(d) Coincidence A bsorption .
I t  rem ains then  to  d isc u ss  th e  use of th e  l i g h t  secondary 
p a r t i c l e s  in  tech n iq u es  f o r  th e  measurement of gamma-ray 
e n e rg ie s .  The s im p les t method here  i s  t o  measure th e  range of 
th e  secondarie s  by th e  co incidence  ab so rp tio n  method. In t h i s  
method/
method th e  secondary p a r t i c l e s  produced in  a ’’C onvertor11 a re  
caused to  pass  r i g h t  th rough  one th in  w alled  G.M. coun ter  and 
e n te r  a second co u n te r .  The range o f  th e  p a r t i c l e s  i s  then  
found by p la c in g  sh e e ts  of absorber between th e  coun te rs  and 
p lo t t i n g  th e  co inc idence  counting  r a t e  a g a in s t  th e  absorber 
th ic k n e s s .  When th e  abso rber th ic k n e s s  i s  g r e a t e r  than  the  
range of th e  secondary p a r t i c l e s ,  no f u r t h e r  drop in  th e  
co incidence counting  r a t e  can ta k e  p la c e .  This method, in  th e  
hands of experienced  workers, i s  capable o f determ in ing  th e  
energy of a s in g le  gamma-ray l i n e  to  a few p e r  ce n t ,  over a 
v e r y  wide range of e n e rg ie s  (Curran, Dee and P e t r i z i l k a ,  1938); 
but i t  b reaks  down when i t  i s  n ecessa ry  to  d is c r im in a te  between 
two l i n e s  of comparable energy because i t  has very  bad 
r e s o lu t io n .  I t  may a lso  g ive  t r o u b le  i f  two gamma-rays are  
p re se n t  in  co inc idence , ( in  cascade) or  i f  th e  energy of th e  
gamma-ray i s  v e ry  h igh  so t h a t  p a i r  p roduction  and bremsstrahluqg 
become im p o r ta n t.  Consequently t h i s  method i s  on ly  used now f o r  
rough survey work, o r  w ith  v e ry  weak sou rces , where i t s  extreme 
s im p l ic i ty  and i t s  h igh  s e n s i t i v i t y  outweigh i t s  d isad v an tag es .
(e) Magnetic A na lys is .
In a l l  a c c u ra te  work however, (except a t  very  low e n e rg ie s  
where th e  p ro p o r t io n a l  coun te r  techn ique  developed r e c e n t ly  by 
Curran and h i s  co-workers (Curran, Angus and C ockroft, 1949), 
has proved a very  powerful t o o l ) ,  th e  techn ique  used has been 
to  analyse, in  a  magnetic r e s o lv e r  of some k ind , th e  l i g h t  
secondary /
secondary p a r t i c l e s  produced by th e  gamma-rays. A c r i t i c a l  
d isc u ss io n  of th e  v a r io u s  methods of  r e s o lu t io n  and t h e i r  use 
to  determ ine gamma-ray en e rg ie s  w i l l  be given in  th e  next 
ch a p te r ;  i t  i s  s u f f i c i e n t  to  n o te  here  t h a t  w ith  good modern 
tech n iq u es  i t  i s  p o s s ib le  to  measure gamma-ray en e rg ie s  in  th e  
range 50 K.E.V. to  20 M.E.V. and probably  h ig h e r ,  w ith  an 
accuracy of 1^, and to  r e so lv e  l i n e s  sep a ra te d  by 10/6 of  t h e i r  
energy (Siegbahn, 1946; Walker and McDaniel, 1948). This  
l a t t e r  f ig u r e  can be g r e a t ly  improved upon where s tro n g  i n t e r -  
snal conversion occurs in  th e  source ( E l l i s  and Skinner, 1924)> 
or where v e ry  s tro n g  sources  a re  a v a i la b le ,  so t h a t  v e ry  th in  
co n v e rto rs  can be used and b e ta - ra y s  from th e  source suppressed  
m a g n e tica l ly  (Latyshev, 1947).
1.5* Survey o f  Work Done.
(a) C l a s s i f i c a t i o n .
As was remarked in  an e a r l i e r  paragraph , one o f  th e  main 
l im i t a t i o n s  to  th e  use of gamma-ray spectroscopy  i s  th e  
d i f f i c u l t y  of e x c i t in g  th e  n u c le a r  s p e c t r a .  This  d i f f i c u l t y  
a t  once p rov ides  a way of c l a s s i f y in g  th e  work done by th e  
v a r io u s  workers in  th e  f i e l d ,  s in c e  a l l  must have used one of 
two methods o f  e x c i t a t io n ,  e i t h e r  e x c i ta t io n  by r a d io a c t iv e  
decay, o r  e l s e  by c o l l i s i o n  o r  th rough  a n u c le a r  r e a c t io n ,  
each of which p ro cesses  r e q u i r e  th e  use of a source o f  bombard- 
: in g  p a r t i c l e s .  The f i r s t  o f  th e se  groups may be f u r t h e r  
su b d iv id ed /
1 1 .
subdivided  in to  work done on th e  "N a tu ra l” r a d io a c t iv e  
elem ents, and t h a t  done on th e  more r e c e n t ly  a v a i la b le  
" A r t i f i c i a l "  e lem ents. Since th e  work done on th e  n a tu ra l  
r a d io a c t iv e  elem ents in c lu d es  some o f  th e  e a r l i e s t  measure­
m e n ts  made on th e  n u c le a r  gamma-rays, (and a lso  some of th e  
b e s t ) ,  we s h a l l  co n s id e r  t h i s  group f i r s t  o f  a l l .
0>) IMatural R ad ioac tive  Elem ents.
The e a r ly  in v e s t ig a t io n s  of th e  gamma-ray s p e c t r a  of  th e  
n a tu ra l  r a d io a c t iv e  bod ies  were r e a l l y  in v e s t ig a t io n s  of t h e i r  
b e ta - ra y  s p e c t r a ;  indeed th e  work of Von Baeyer, Hahn and 
M eitner (1911) was c a r r i e d  out in  o rd e r  to  determ ine whether or 
no t th e  b e ta - r a y  spectrum of a r a d io a c t iv e  element was 
con tinuous, with th e  in t ro d u c t io n  of s e m i- c i r c u la r  fo cu ss in g  
by Banysz in  1913, th e  modern tech n iq u e  of d e r iv in g  gamma-ray 
s p e c t r a  from photographs of th e  i n t e r n a l  conversion  s p e c t r a  of 
th e  heavy r a d io a c t iv e  elem ents was v i r t u a l l y  com plete, and in  
th e  in te rv e n in g  y ea rs  th e  s p e c t r a  of  most of th e  n a tu r a l  r a d io -  
: a c t iv e  bod ies  have been thoroughly  in v e s t ig a te d ,  many by 
E l l i s  whose r e s u l t s  have s in c e  been used as s tan d ard s  f o r  th e  
c a l i b r a t i o n  of magnetic r e s o lv e r s .  The accuracy of E l l i s ’ s 
b e s t  work ( E l l i s  and Skinner, 1924) i s  quoted as 1 p a r t  in  500, 
which i s  rem arkable s in c e  i t  was c a r r ie d  out as long ago as 
1924. One reason  f o r  th e  high  accuracy ob ta ined  i s  t h a t  th e  
sources  used were chem ically  se p a ra te d  and of very  h igh  
s p e c i f i c  a c t i v i t y  so t h a t  they  were very  th in^  and s t r a g g l in g  
o f /
o f th e  i n t e r n a l  conversion  e le c t ro n s  was n e g l ig ib le ;  a lso  th e  
i n t e r n a l  conversion  c o e f f i c i e n t s  were h igh  on account o f  th e  
h igh  n u c le a r  charge o f  the  elem ents in v e s t ig a te d .  Hence i t  was 
p o s s ib le  and p r o f i t a b l e  to  work w ith  a sp ec tro m ete r  o f  high 
r e s o lv in g  power. Even so th e  accuracy o b ta in ed  was rem arkable, 
s in c e  i t  was n o t merely th e  r e l a t i v e  p o s i t io n  of th e  l i n e s  which 
was determ ined ( t h i s  was quoted to  1 p a r t  in  1 ,000) but th e  
ab so lu te  v a lu e ,  which invo lved  a measurement of a magnetic f i e l d  
to  1 p a r t  in  1 ,000 . (This in tro d u ced  a lso  th e  q u es tio n  of th e  
u n ifo rm ity  of  th e  f i e l d . ) More re c e n t  work on th e  n a tu ra l  
r a d io a c t iv e  elem ents has been concerned mainly w ith  q u es t io n s  
of  th e  r e l a t i v e  i n t e n s i t y  of th e  l i n e s ,  w ith  th e  d e te rm in a tio n  
of th e  m u lt ip o le  o rd e r  o f  th e  t r a n s i t i o n s ,  and w ith  th e  s o r t in g  
out of complex b e ta - r a y  s p e c t r a  by th e  method o f  beta-gamma 
co inc idence  measurements. ( I f  t h i s  can p ro p e r ly  be regarded  as 
gamma-ray s p e c tro s c o p y .) In o th e r  words, most o f  th e  ex p e r i­
m e n ts  in  gamma-ray spectroscopy  t h a t  can be done on th e  
n a tu r a l  r a d io a c t iv e  elem ents w ith  th e  te ch n iq u e s  a v a i la b le  a t  
th e  moment^have a lre a d y  been done; and w hile , on account of 
t h e i r  com plexity , th e  l e v e l  schemes o f  th e s e  n u c le i  a re  by no 
means com plete, th e re  does no t seem a t  th e  moment to  be much 
o p p o r tu n ity  f o r  th e  a p p l ic a t io n  o f  our method o f  in v e s t ig a t io n .  
The r e s u l t s  o f  r e c e n t  work on th e  n a tu r a l  r a d io a c t iv e  elem ents 
have been w ell summarised in  review  a r t i c l e s  by Latyshev (1947) 
and F ea th e r  (1949)*
i c l /
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(c) A r t i f i c i a l  R ad io ac tiv e  Elem ents.
The p o s i t io n  w ith  reg a rd  to  th e  study of th e  gamma-rays 
from th e  a r t i f i c i a l  r a d io a c t iv e  elem ents i s  v e ry  d i f f e r e n t .
Here i t  i s  not p o s s ib le ,  in  g e n e ra l ,  to  o b ta in  s tro n g  sources 
of  h igh  s p e c i f i c  a c t i v i t y  and so th e  use of th e  photographic  
techn ique  i s  made d i f f i c u l t .  I t  has however been used, no tab ly  
by Helmholtz (194-1) and Cork (1949), th e  l a t t e r  au th o r  employ- 
r ing  Alnico permanent magnets and making exposures o f  sometimes 
se v e ra l  weeks. Even so t h i s  te ch n iq u e , while very  powerful in  
determ ining th e  energy of s o f t  r a d ia t io n  from th e  h e a v ie r  
e lem ents, has been very  l i t t l e  used on elem ents w ith  an atomic 
weight o f  l e s s  than  50, and i s  of course u s e le s s  f o r  determ in- 
r ing  th e  energy o f  the  h a rd e r  gamma-rays (say  over 1 M.E.V.) 
on account of th e  r a p id  drop in  th e  i n t e r n a l  conversion 
c o e f f i c i e n t  w ith  in c re a s in g  energy. For th e  measurement o f  th e  
energy o f  th e  h a rd e r  gamma-rays, i t  has been n ecessa ry  to  f in d  
a d e te c to r  o f  much g r e a t e r  s e n s i t i v i t y  than  th e  photographic  
p l a t e .  T h is  has been provided  by th e  G-.M. co u n te r ,  which not 
only p ro v id es  th e  in c re a se d  s e n s i t i v i t y ,  bu t a lso  makes 
p o s s ib le  th e  counting  o f  th e  in d iv id u a l  secondary e le c t ro n s ,  
th u s  g r e a t ly  s im p lify in g  th e  problem of determ in ing  r e l a t i v e  
i n t e n s i t i e s .  The d isadvan tage  o f  th e  G-.M. coun ter  i s  t h a t  i t  
can only re c o rd  th e  i n t e g r a l  o f  a sm all p a r t  of th e  spectrum 
a t  one t im e , and so to  o b ta in  th e  complete spectrum th e  
magnetic f i e l d  must be v a r ie d  and a la rg e  number of such 
o b s e rv a t io n s /
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o b se rv a tio n s  made. I t  may be t h a t  th e  re ce n t  development of  a 
pho tographic  p la t e  which can d e te c t  s in g le  e le c t ro n s  (Berriman, 
1948) w i l l  p rov ide  th e  advantages of bo th  methods, but t h i s  i s  
by no means c e r t a in  as such a p l a t e  would have t o  be su b je c ted  
to  long and te d io u s  m icroscopic  exam ination a f t e r  exposure.
In  any case  th e  problem of o b ta in in g  a s e n s i t iv e  d e te c to r  i s  
only one p a r t  o f  th e  d i f f i c u l t y  in  making o b se rv a tio n s  on the  
a r t i f i c i a l  r a d io a c t iv e  elem ents; th e r e  rem ains th e  d i f f i c u l t y  
t h a t  in  th e  case of th e  l i g h t  e lem ents, and f o r  e n e rg e t ic  
r a d ia t io n  from th e  h e a v ie r  n u c le i ,  th e  i n t e r n a l  conversion 
c o e f f i c i e n t s  are  so sm all t h a t  w ith  th e  r e s o lu t io n  a t t a i n a b le  
i t  becomes im possib le  to  d e te c t  th e  i n t e r n a l  conversion l i n e s  
a g a in s t  th e  background of th e  continuous b e ta - ra y  spec trum ..
In t h i s  case i t  i s  necessa ry  to  use a co n v e rto r  and make 
o b se rv a tio n s  on th e  secondary e le c t ro n s  from t h i s .  In t h i s  
connection  th e  tech n iq u e  o r ig in a te d  by Siegbahn (1946o^  has 
become s tan d ard  p r a c t i c e .  T h is  c o n s i s t s  in  p la c in g  th e  source 
in s id e  a hollow copper c o n ta in e r  w ith  w a lls  th i c k  enough to  
absorb a l l  th e  b e ta - r a y s  from th e  source . (Copper i s  chosen 
as i t  i s  dense and th e r e f o r e  can be made reasonab ly  t h in ,  and 
y e t  has a low enough n u c le a r  charge to  make th e  p h o to - e le c t r i c  
e f f e c t  in  i t  sm all f o r  most r a d i a t i o n s . )  Round th e  copper 
co n ta in e r  i s  p laced  a very  th in  le ad  f o i l  (This may be o f  go ld  
o r  p latinum  l e a f  i f  n ecessa ry )  in  which p h o to -e le c t ro n s  of 
n e a r ly  homogeneous energy a re  produced. When th e  secondary 
e le c t ro n s  from t h i s  con v e rto r  a re  examined in  a magnetic 
sp e c tro m e te r /
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spec trom ete r , th e  p h o to -e le c t ro n s  from th e  le a d  f o i l  can he 
c l e a r ly  seen a g a in s t  th e  background o f  Compton e le c t ro n s  from 
th e  copper. At en e rg ie s  of a few hundred K i lo v o l t s ,  peaks can 
be observed due to  conversion of th e  gamma-rays in  th e  K, 1, 
and M s h e l l s  of th e  le a d  while even a t  e n e rg ie s  as h igh  as 
2.76 M.E.V. ( th e  h igh  energy l i n e  from E a ^ )  th e  K conversion 
peak s t i l l  shows q u i te  p l a i n l y .  With th e  use of t h i s  tech n iq u e , 
Siegbahn was ab le  to  make measurements of e n e rg ie s  up to  th e  
o rder  of 3 M.E.V. to  b e t t e r  th a n  l c/^ w ith  sources of th e  o rd e r  
of a few m icroC uries, th e  g re a t  improvement being due to  th e  
suppress ion  of th e  in te n s e  b e ta - ra y  spectrum which norm ally 
accompanies th e  gamma-ray se co n d a r ie s .  The use o f  t h i s  t e c h -  
:n ique by many d i f f e r e n t  in v e s t i g a to r s  has su p p lied  a la rg e  
body of experim enta l r e s u l t s  on th e  energy and r e l a t i v e  in te n ­
s i t y  of th e  gamma-rays from many of th e  a r t i f i c i a l  r a d io a c t iv e  
elem ents. Since th e se  a re  so numerous however, th e re  i s  s t i l l  
a g re a t  dea l of work of t h i s  k ind  to  be done, to  p rovide 
ac c u ra te  d a ta  where a t  p re se n t  th e  only in fo rm ation  a v a i la b le  
i s  derived  from v e ry  rough ab so rp tio n  experim ents . On th e  
ques tion  o f  th e  de te rm ina tion  of m u lt ip o le  o rd e r ,  v e ry  l i t t l e  
work has been done, but t h i s  qu es tio n  w i l l  be d iscu ssed  more 
f u l l y  l a t e r .
(d) E uolear R eac tio n s .
With reg a rd  to  th e  study of th e  gamma-rays em itted  by 
n u c l e i /
n u c le i  e x c ite d  by n u c le a r  r e a c t io n s ,  l i t t l e  work of a p re c is e  
n a tu re  has been p u b lish ed . This i s  l a r g e ly  a t t r i b u t a b l e  to  
th e  te c h n ic a l  d i f f i c u l t i e s  involved  in  s e t t i n g  up and u s ing  a 
magnetic spec trom eter  in  th e  v i c i n i t y  o f  th e  source of th e  
bombarding p a r t i c l e s ,  e s p e c ia l ly  s ince  in  t h i s  case th e  
r a d ia t io n  i s  l i k e l y  to  be much more e n e rg e t ic  than  in  th e  case 
o f  r a d io a c t iv e  decay. This f a c t  makes n ecessa ry  th e  use of 
la rg e  and expensive r e so lv in g  equipment, and a lso  new techniques 
depending on p a i r -p ro d u c t io n ,  s in ce  measurements based on th e  
ob se rv a tio n  of p h o to -e le c tro n  peaks begin to  f a i l  above about 
3 M.E.V. Most of th e  work done on th e  r a d ia t io n s  from th e  l i g h t  
elements under pro ton  and deuteron bombardment has th e r e fo r e  
been accomplished by th e  use of ab so rp tio n  tech n iq u es  (Curran, 
Dee and P e t r i z i l k a ,  1938; Fowler, L a u r i tse n  and L a u r i tse n ,
1948) which may be, as d iscu ssed  e a r l i e r ,  su b je c t  to  s e r io u s  
e r r o r s  a t  high e n e rg ie s ,  and which have poor r e s o lu t io n .
The achievement of good r e s o lu t io n  and accuracy in
measurements on high  energy r a d i a t i o n s  was only made p o s s ib le
when th e  p a i r  p roduction  mechanism was u t i l i s e d  by th e
ob se rv a tio n  of th e  t r a c k s  of p a i r s  produced in  a th in  le a d  f o i l
in  th e  gas of a 'Wilson chamber p laced  in  a s tro n g  magnetic
f i e l d ;  here  th e  momentum, and hence energy of each component
of th e  p a i r  could be measured, and so th e  energy of th e  gamma-
- r a y  i n f e r r e d .  Using t h i s  method, l e l s a s s o ,  Fowler and
l a u r i t s e n  (1937) were ab le  f o r  th e  f i r s t  tim e to  show t h a t  th e
• 7hard gamma-radiation r e s u l t i n g  from th e  bombardment of l i  w ith  
p ro to n s /
pro to n s  c o n s is te d  of a s tro n g  l i n e  a t  17 M.E.V. to g e th e r  w ith  
a weaker broad component in  th e  reg ion  of 14 M.E.V. This 
method has been used to  in v e s t ig a te  th e  r a d i a t i o n s  from a few 
n u c le a r  r e a c t io n s ,  but i t  s u f f e r s  from th e  d isadvan tage  t h a t  a 
g re a t  dea l of tim e and e f f o r t  has to  be expended in  o b ta in in g  
and an a lys ing  a la rg e  number of photographs i f  good s t a t i s t i c s  
a re  to  be o b ta in ed . Furtherm ore g re a t  care  must be tak en  to  
avoid spu rious  r e s u l t s  owing to  a c c id e n ta l  su p e rp o s i t io n  of 
t r a c k s .  These d i f f i c u l t i e s  were p a r t l y  overcome by th e  use of 
two s e m i-c i r c u la r  magnetic r e s o lv e r s  f i t t e d  w ith  G.M. c o u n te rs ,  
to  ana lyse  th e  p a i r s  produced in  a f o i l ,  th e  emission of a p a i r  
o f  th e  a p p ro p r ia te  energy causing  a co incidence  between th e  two 
coun te rs  (McDaniel, von Dardel and Walker, 1947); i t  was how- 
:ev e r  th e  m u lt i - c o u n te r  type  of p a i r  spec trom ete r  used by 
Walker and McDaniel in  1948 which f i n a l l y  overcame t h i s  d i f ­
f i c u l t y  and made p o s s ib le  th e  o b ta in in g  of good s t a t i s t i c s  on 
th e  h igh  energy gamma-rays in  hours in s te a d  of weeks. The 
Walker and McDaniel in s trum en t c o n s is t s  e s s e n t i a l l y  o f  a number 
of s e m i-c i r c u la r  r e s o lv e r s  s e t  on e i t h e r  s id e  o f  th e  f o i l  being 
i r r a d i a t e d ,  th e  o u tp u ts  from a l l  of th e se  u n i t s  being  combined 
in  a la rg e  m u l t ip le  co incidence  c i r c u i t  which o b ta in s  th e  
maximum amount o f  in fo rm ation  from th e  s ig n a ls  from th e  
coun ters  and d isp la y s  t h i s  in fo rm atio n  on a row o f  mechanical 
r e g i s t e r s  from which a number o f  p o in ts  in  th e  energy d is ­
t r i b u t i o n  of  th e  p a i r s  can im m ediately be p lo t t e d .  (A d e t a i l e d  
d e s c r ip t io n  o f  th e  design and o p e ra t io n  of an ins trum en t of t h i s  
ty p e /
ty p e  w i l l  be g iven in  th e  next c h a p t e r . ) With th e  a id  of t h i s  
in s trum en t Walker and McDaniel were ab le  to  produce curves 
showing th e  high energy gamma-ray s p e c t r a  o f  F lu o rin e  and 
Lithium when su b je c te d  to  pro ton  bombardment. They were a lso  
a b le  to  show th e  v a r i a t i o n  in  th e  energy of th e  Lithium 
r a d ia t io n  w ith  change in  bombarding energy. Apart however from 
th e se  measurements and from some unpublished  o b se rv a tio n s  on 
neutron  cap tu re  r a d ia t io n  by Kinsey, th e  p re c is io n  study of 
h igh  energy n u c le a r  gamma-rays has h a rd ly  y e t  been begun. 
D eterm ination of th e  m u lt ip o le  o rd e r  o f  th e s e  r a d ia t io n s  has 
s c a rc e ly  been a ttem pted  a t  a l l .
1 .4 .  O p p o rtu n it ie s  f o r  U seful Research
(a) The General F ie ld .
Summing up th e  v a r io u s  p o in ts  d iscu ssed  in  th e  course of 
t h i s  c h a p te r ,  i t  would seem th a t  while a g r e a t  d ea l o f  work i s  
s t i l l  being c a r r i e d  out on th e  r a d ia t io n s  from th e  n a tu r a l ly  
r a d io a c t iv e  elem ents (Latyshev, 1947; F e a th e r ,  1949) 9 t h i s  
work can no lo n g e r  be d esc r ib ed  as simple gamma-ray sp e c tro -  
:scopy, and indeed  th e re  does no t seem to  be much o p p o rtu n ity  
of adding s i g n i f i c a n t l y  to  th e  in fo rm ation  a lread y  a v a i la b le  
concerning th e  l e v e l  schemes of th e se  elem ents, by th e  
a p p l ic a t io n  of our method.
In th e  s tudy  of th e  r a d ia t io n s  from th e  a r t i f i c i a l  r a d io -  
: a c t iv e  elem ents , however, a g re a t  dea l of u s e fu l  work rem ains 
to  be done in  determ in ing  a c c u ra te ly  th e  energy and i n t e n s i t y  
o f /
o f  th e  gamma-rays em itted  by th e se  e lem ents. In a d d i t io n  to  
th e  de te rm in a tio n  of  th e  energy of th e  v a r io u s  l e v e l s  in  th e s e  
n u c le i ,  ano ther  f e a tu r e  which i s  o f  g re a t  t h e o r e t i c a l  i n t e r e s t  
i s  th e  d e te rm in a tio n  of th e  sp in s  of th e s e  l e v e l s .  This i s  a 
su b je c t  on which v e ry  l i t t l e  experim enta l work has been done 
(Latyshev, 1947; Helmholtz, 1941)> hut one on which th e  study 
o f  gamma-ray s p e c t r a  in  con junction  w ith  measurements of th e  
p r o b a b i l i ty  of  i n t e r n a l  conversion  and i n t e r n a l  p a i r  c r e a t io n ,  
can throw much l i g h t .
I f  we go back f o r  a moment and co n s id e r  th e  lo o se  analogy 
between gamma-ray and atomic s p e c t r a ,  i t  w i l l  be remembered 
t h a t  th e  f i r s t  advances in  th e  unders tand ing  of atomic s t ru c tu re  
came th rough  th e  s tudy  of th e  spectrum of Hydrogen. Hence i t  
seems reaso n ab le  to  suppose t h a t  a f r u i t f u l  f i e l d  of  study in  
n u c le a r  spectroscopy  w i l l  l i e  in  th e  examination o f  th e  s p e c t r a  
of  th e  l i g h t  e lem ents. Of course t h e r e  a re  c e r t a in  s t a t i s t i c a l  
p r o p e r t i e s  of n u c le i ,  such as le v e l  d e n s i t i e s ,  which can be 
b e t t e r  s tu d ie d  in  th e  h e a v ie r  e lem ents, but to  th e  use o f  th e  
method of gamma-ray spec troscopy , which i s  capable of g iv in g  
d e ta i l e d  in fo rm atio n  about th e  energy and sp in  o f  in d iv id u a l  
l e v e l s ,  th e  l i g h t  elem ents undoubtedly prov ide  a s trong  cha l­
l e n g e .  I t  w i l l  of course be a p p re c ia te d  th a t  ve ry  few of th e  
l i g h t  n u c le i  can be e x c i te d  by r a d io a c t iv e  decay, because most 
of th e  decay p ro cesses  ta k e  p la ce  w ith  very  sh o r t  h a l f - l i v e s .  
Hence th e  main method o f  e x c i t a t io n  must be by n u c le a r  
r e a c t io n s ,  and h e re , f o r tu n a te ly ,  th e  gamma-ray s p e c t r a  of 
many/
many of th e  l i g h t  elem ents can be e a s i ly  e x c ite d  by pro ton  o r  
neu tron  ca p tu re ,  o r  by th e  eq u iv a len t deuteron r e a c t io n s ,  (d ,n )  
o r  ( d ,p ) .  These s p e c t r a  demand th e  b e s t  modern tech n iq u es  f o r  
t h e i r  in v e s t ig a t io n ,  s in ce  they  extend t o  h igh  e n e rg ie s ,  and 
they  a lso  demand new tech n iq u es  f o r  th e  d e te rm in a tio n  of th e  
m u lt ip o le  o rd e r  o f  th e  t r a n s i t i o n s  observed.
The P re sen t R esearch.
I t  i s  c l e a r  from th e  above summary th a t  th e  f i e l d  o f  op­
p o r t u n i t y  p re se n te d  in  th e  s tudy  of gamma-ray spectroscopy  i s  
very  wide, e s p e c ia l ly  when i t  i s  cons idered  t h a t  a f t e r  n e a r ly
40 y ea rs  o f  in v e s t ig a t io n ,  th e  study o f  th e  r a d i a t i o n s  from th e
n a tu ra l  r a d io a c t iv e  elem ents i s  no t y e t  com plete. N ev e rth e less ,  
s ince  we, in  G-lasgow, were in  th e  f o r tu n a te  p o ssess io n  of a
source o f  h igh  energy p ro to n s  and d eu te ro n s , and s in ce  th e re
was a lso  a v a i la b le  an electrom agnet o f  dimensions s u i t a b le  f o r  
th e  r e s o lu t io n  of  e le c t ro n s  up to  30 M.E.V. in  energy, i t  was 
decided t h a t  te ch n iq u e s  should be developed f o r  th e  in v e s t ig a t io n  
of gamma-rays from th e  a r t i f i c i a l  r a d io a c t iv e  elem ents, and from 
ex c ite d  s t a t e s  o f  th e  l i g h t  elem ents caused by p a r t i c l e  bombard- 
:ment. These tech n iq u es  were then  to  be used to  c o l l e c t  d a ta  in  
t h i s  f i e l d ,  le a d in g  to  th e  c o n s tru c t io n  o f  energy le v e l  diagrams, 
and i f  p o s s ib le  to  th e  d e te rm in a tio n  of th e  sp in s  of some of 
th e se  l e v e l s .  The rem ainder o f  t h i s  t h e s i s  i s  concerned w ith  
th e  execu tion  of t h i s  programme, P a r t  I I  d ea lin g  w ith th e  
tech n iq u es  developed, and P a r t s  I I I  and IV w ith  se v e ra l  
i n v e s t i g a t i o n s /
i n v e s t ig a t io n s  in  which th e se  tech n iq u es  have been employed in
th e  study of th e  gamma-ray s p e c t r a  of p a r t i c u l a r  n u c le i ,  and
th e  r e s u l t s  o b ta ined  used to  c o n s tru c t  an energy le v e l  diagram,
or e ls e  to  v e r i f y  or augment an e x i s t in g  diagram. In  P a r t  IV
th e  use f o r  th e  f i r s t  tim e of th e  i n t e r n a l  p a i r  c r e a t io n
e f f e c t  to  determ ine th e  m u lt ip o le  o rd e r  o f  a gamma-ray l i n e
from a l i g h t  element i s  d esc r ib ed , and t e n t a t i v e  sp in  v a lu e s
24-are  ass igned  to  two l e v e l s  in  th e  Mg ^ n u c leu s .
PART I I .  -  INSTRUMENTATION.
I I . 1. Comparison of D if fe re n t  Types of Magnetic A nalysers .
In o rd e r  to  c a rry  out th e  d e s ire d  programme of experiments, 
i t  was necessa ry  to  prov ide  an ins trum en t o r  in s tru m e n ts  capable 
o f  an a ly s ing  th e  secondary e le c t ro n s  and p o s i t ro n s  from gamma- 
- r a y s  in  th e  energy range say 100 K.E.V. to  20 M.E.V. With 
t h i s  requirem ent in  mind l e t  us co n s id e r  b r i e f l y  th e  advantages 
and l i m i t a t i o n s  of th e  v a r io u s  ty p e s  of a n a ly se r  t h a t  have been 
d escr ib ed  in  th e  l i t e r a t u r e .  These in s tru m en ts  can be brought 
roughly under th r e e  heads;
(a) S e m i-c i rc u la r  r e s o lv e r s ,
(b) Magnetic le n s e s ,
(c) Double fo c u ss in g  sp ec tro m ete rs  u t i l i s i n g  
c i r c u l a r  t r a j e c t o r i e s .
V arious o th e r  ty p es  of in s trum en t have been proposed from tim e
to  tim e (Korunsky, 1945; R ichardson, 1947), but f o r  p r a c t i c a l
reasons  a l l  th e  in s tru m e n ts  to  da te  w ith  which s e r io u s  work has
been done have belonged to  one o r  o th e r  of th e se  c l a s s e s ,  and
t h e i r  development has taken  p la c e  in  th e  o rd e r  in  which they
have been l i s t e d .
(a) S e m i-c i rc u la r  R eso lv e rs .
The s e m i-c i r c u la r  a n a ly se r  i s  o f  course th e  device 
in tro d u ced  by Danysz (1913) and depends on th e  f a c t  t h a t  i f  a 
p lane  p e n c i l  of charged p a r t i c l e s  of homogeneous energy and 
d iv e rg ing  w ith  an angle 2Q a re  su b je c ted  to  th e  a c t io n  of a 
un ifo rm /
uniform magnetic f i e l d  a c t in g  p e rp e n d ic u la r ly  to  th e  p lane  o f  
th e  p e n c i l ,  then  th e y  a re  brought back to  a focus  a f t e r  th ey  
have d esc r ib ed  approxim ately  a s e m i- c i r c le .  F igu re  1 
i l l u s t r a t e s  th e  geometry of t h i s  p ro cess ,  th e  magnetic f i e l d
F ig u re  1 . S em i-C ircu lar  Focussing .
ac t in g  along OZ, and th e  p a r t i c l e s  being em itted  from 0 in  th e  
X-Y p lane  in to  a p e n c i l  o f  h a l f - a n g le  Q surrounding  OY. Since 
th e  t r a j e c t o r y  of each p a r t i c l e  i s  a c i r c l e ,  i t  i s  c l e a r  t h a t  
p a r t i c l e s  em itted  along OY i n t e r s e c t  OX again  in  th e  p o in t  
(2R ,0 ,0) where R i s  th e  r a d iu s  of c u rv a tu re .  Those em itted  a t
an angle A, say, to  OY, i n t e r s e c t  OX again in  th e  p o in t
(2RjcosA , 0 , 0 ) .  Hence i t  fo l lo w s  th a t  a l l  th e  p a r t i c l e s  in  th e  
p e n c i l  i n t e r s e c t  OX again  between th e  p o in ts  P (2 R ,0 ,0 ) ,  and
Q (2R.cosO,0 ,0 ) ;  i . e . ,  th e  p o in t  0 forms an image PQ o f  le n g th
2R (l-cosO ).
I f  we now co n s id e r  th e  case of a p a r t i c l e  em itted  in  th e  
p la n e /
24.
p lane  OYz, so t h a t  i t s  d i r e c t io n  of em ission makes an angle  B 
w ith  OY, i t s  momentum, p, can be re so lv e d  in to  a component 
p .s in B  along 02, which i s  u n a f fe c te d  by th e  magnetic f i e l d ,  and 
a component p.cosB in  th e  X-Y p lan e , which i s  r o t a t e d  by the  
f i e l d .  The p a r t i c l e  th e re fo r e  moves in  a h e l ix  on th e  su rfa ce  
o f  a r i g h t  c i r c u l a r  c y l in d e r  of r a d iu s  2R.cosB w ith  i t s  ax is  
p a r a l l e l  t o  OZ, and i n t e r s e c t s  th e  X-Z p lane  again in  th e  p o in t  
S, (2R.cosB,0,TiR.sinB). Hence i f  B i s  allowed to  vary  so th a t  
-0 /2  ^B ^ 0 /2 ,  S w i l l  t r a c e  out a p o r t io n  of th e  e l l i p s e  
x 2/ £ R ) 2 *  X 2/ ( 1 f E ) 2 =  1 ,
y = o
ly in g  between th e  p o in ts  (2R .cos0/2 ,0 /fTR .sin0/2) and 
(2 R .co s0 /2 ,0 ,-4 ?R .s in 0 /2 ) . Thus where, f o r  ra y s  ly in g  in  th e  
X-Y p lan e , th e  image of th e  p o in t  0 was a sequence of  p o in ts  on 
th e  X -axis between th e  p o in ts  P and Q, th e  corresponding  image 
f o r  ra y s  which a re  allowed to  emerge in  a  r e c ta n g u la r  p e n c i l  of 
h a l f - a n g le  Q in  th e  X-Y p lan e , and 0£ in th e  Y-Z p la n e , su r -  
: rounding OY, i s  g iven i f  each of th e  p o in ts  in  th e  l i n e  image 
i s  expanded in to  a p o r t io n  of an e l l i p s e  in  th e  X-Z p lan e , as 
shown above. The image of a p o in t  source i s  th u s  a se c t io n  of 
th e  above e l l i p s e ,  of le n g th  approxim ately  2 ^ . s in 0 /2 , and 
th ic k n e s s  2 R .( l-cosQ ), as shown in  F igu re  2 (a ) .
The image of a broad l i n e  source can be i n f e r r e d  from 
th e  above a n a ly s i s ,  f o r  i f  0 and 0  a re  bo th  made very  sm all,  
every p o in t  (x ,z )  in  th e  source w i l l  produce an image p o in t 
(x+2R,z), th u s  producing an exact image o f  th e  source 
d is p la c e d /
d isp lace d  a d is ta n c e  2R in  th e  d i r e c t io n  of OX, The e f f e c t  
o f a llow ing f i n i t e  bu t small v a lu e s  of  Q amd 0,  i s  to  tu rn  
each p o in t  image in to  a p o r t io n  of th e  c h a r a c t e r i s t i c  e l l i p s e .  
Hence i f  we l e t  th e  source have le n g th  1?R/ and th ic k n e s s  t ,  
and i f  we r e s t r i c t  th e  image le n g th  to  i\R0, we produce a 
f ig u r e  o f  th e  g en e ra l  shape shown in  F igu re  2 (b ) ,  th e  o v e ra l l
  't
2 R (i-c « e )
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F igu re  2. Images o f  p o in t  and l i n e  sou rces .
w idth, w, of th e  image, being given by;
w = t  + 2R(l -  cosQ.cos0)
= t  + R (e2 •* 0 2 )
This q u a n t i ty ,  w, i s  c a l le d  th e  "F u ll  l i n e  Width1 of the
spec trom ete r , and i f  th e  mean i n t e n s i t y  of  th e  image i s  p lo t t e d
as a fu n c t io n  of x, th e  !,Line Shape11 ob ta ined  i s  roughly  
t r i a n g u l a r  (Cork, 1949) w ith  th e  maximum n ea r  th e  h igh  energy 
s id e .  Hence th e  "Half Width1’, o r  width of th e  l i n e  a t  h a l f  
maximum i n t e n s i t y ,  i s  g iven approxim ately  by w/2.
How/
Now we have d iscu ssed  above th e  image formed by a l i n e  
source of homogeneous e le c t ro n s ,  in  a uniform magnetic f i e l d ,  
and have deduced i t s  h a l f  w idth. I t  i s ,  of course , formed a t  
a d is ta n c e  from th e  source which i s  p ro p o r t io n a l  to  th e  
momentum p, o f  th e  e le c t ro n s  from th e  source . Hence, i f  th e  
source i s  e m it t in g  se v e ra l  groups of  e le c t ro n s  o f  d i f f e r e n t  
momenta, each group w i l l  produce i t s  own image, a t  a d is ta n c e  
from th e  source p ro p o r t io n a l  to  i t s  momentum, and so i f  th e r e  
are  tv/o groups of n e a r ly  equal momentum, t h e i r  images w i l l  
j u s t  be re so lv e d  when t h e i r  d is ta n c e  a p a r t  i s  equal to  t h e i r  
h a l f  w idth . I f  th e  momentum d if fe re n c e  in  t h i s  case i s  £p, 
and i f  th e  mean momentum of th e  two l i n e s  i s  p, then  we can 
d e f in e  th e  ’’Resolving Power” of th e  spec trom eter  as ;
P = p/£p = 2R/(w/2) — 4R/w.
This then  g iv es  a measure of th e  re so lv in g  power of th e  semi- 
: c i r c u l a r  spec trom eter  as used to  form images of th e  source , 
say on a pho tographic  p l a t e .  I f  now we co n s id e r  i t s  use w ith  
a G-.M. coun te r  as d e te c to r ,  th en  we must p la ce  a s l i t  of
U \,  tfeu X - Z  jhJtAAVflu Uh JL
s u i t a b le  dimensionsKat r i g h t  ang les  t o  th e  X -ax is , and a t  a 
s u i t a b le  d is ta n c e  from th e  source , and then  cause each l i n e  of 
th e  spectrum to  be fo cu ssed , in  tu r n ,  on to  th e  s l i t ,  by 
a d ju s t in g  th e  v a lu e  of  th e  magnetic f i e l d .  In  t h i s  case , 
obviously  an i n f i n i t e l y  narrow s l i t  would g ive  th e  same r e ­
v o lv in g  power as th e  photographic  p l a t e ,  bu t a s l i t  of f i n i t e  
w idth would in t e g r a t e  th e  pho tographic  spectrum over a momentum 
ra n g e /
range corresponding to  i t s  own w idth . Hence th e  l i n e  width 
f o r  a s l i t  of f i n i t e  width wQ i s  given by: 
w = ( t  4* wQ + R(©2 4- 02 ))
and th e  r e so lv in g  power i s  a l t e r e d  ac co rd in g ly .
I f  now we co n s id e r  a spec trom eter  in  which th e  v a r io u s
sources of l i n e  w idth a re  made to  c o n t r ib u te  eq u a lly  to  t h i s  
w idth , i . e . : _
t  = wo = R©2 = R02, th e n ,
w = 4R£^
and th e  re s o lv in g  power i s  g iven by:
P = 4-R/w = O-2
Also th e  s o l id  angle in to  which th e  p a r t i c l e s  a re  p ro je c te d  i s
g iven approxim ately  by 200, o r  20 , and th e  source a re a  i s
'ttRe.Re2, or/uR2e3.
How th e  d e s i r a b le  q u a l i t i e s  in  a magnetic r e s o lv e r  which 
has to  be used f o r  gamma-ray spectroscopy  a re ,  in  th e  f i r s t  
in s ta n c e ,  la rg e  c o l l e c t in g  ang le , la rg e  source a re a ,  and good 
r e s o lu t io n .  The f i r s t  two c r i t e r i a  a re  p a r t i c u l a r l y  im portan t 
when weak sources have to  be s tu d ie d .  I f  th e  sources have a 
low s p e c i f i c  a c t i v i t y ,  then  t h e i r  s t r e n g th s  a re  l im i te d ,  f o r  
i n t e r n a l  conversion  measurements, by th e  su r fa c e  a re a  t h a t  can 
be exposed, and f o r  e x te rn a l  conversion , by th e  volume th a t  
can be con ta ined  w ith in  a copper v e s s e l  o f  a p p ro p r ia te  
dimensions to  s u i t  th e  spec trom eter  source h o ld e r .  In  th e  case 
of t a r g e t s  being bombarded by a beam of p a r t i c l e s ,  s in ce  t h i s  
beam i s  norm ally of f i n i t e  c ro s s - s e c t io n ,  i t  i s  again  c l e a r  
t h a t /
t h a t  th e  s t r e n g th  of source a v a i la b le  w i l l  depend on i t s  a re a .  
Hence in  every case th e  i n t e n s i t y  of th e  secondary r a d ia t io n  to  
be s tu d ie d  depends on th e  source a re a .  The i n t e n s i t y  observed 
a t  th e  d e te c to r  i s  a lso  p ro p o r t io n a l  to  th e  c o l l e c t in g  s o l id  
ang le , and so, as suggested  by P e rs ico  (1949), a convenient 
measure of th e  i n t e n s i t y  observed a t  th e  d e te c to r  o f  a magnetic 
r e s o lv e r  i s  a ffo rd ed  by th e  product of th e  source a re a  and th e  
c o l le c t in g  ang le . This f ig u r e ,  which we s h a l l  c a l l  th e  
i n t e n s i t y  f a c t o r ,  P, to g e th e r  w ith  th e  corresponding  re so lv in g  
power, P, determ ines th e  performance of th e  sp ec tro m ete r .
To r e tu r n  to  th e  case of th e  s e m i-c i r c u la r  r e s o lv e r ,  i t  
was shown t h a t  f o r  th e  case of equal c o n t r ib u t io n s  to  th e  l i n e  
width o f  each of th e  independent v a r i a b le s ,  th e  r e s o lv in g  power, 
s o l id  angle of c o l le c t io n ^ a n d  source a r e a ; could a l l  be expressed  
as simple fu n c t io n s  of th e  a p e r tu re  ang le , Q* Hence we can 
w r i te :
P = Q~2
F = (source  a r e a ) ( s o l i d  ang le)
= 1?R2e 3.2 e 2 
= 2fm2« 5
and we th u s  have th e  r e l a t i o n :
p = 2 fe2P~5//2
Thus w ith  th e  two v a r i a b le s  R and 0 a t  our d is p o s a l ,  i t  i s  c l e a r  
t h a t  f o r  good design  we must make R as la rg e  as p o s s ib le ,  and 
choose Q in  such a way as to  g ive a good compromise between 
h ig h /
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h igh  re so lv in g  power and h igh  i n t e n s i t y .  In p r a c t i c e ,  th e  
v a lu e  of Q i s  l im i te d  by th e  geometry of th e  electrom agnet used , 
s in ce  a l a rg e  v a lu e  of Q in v o lv e s  th e  use o f  a wide gap between 
th e  p o le s ,  which i n t e r f e r e s  w ith  th e  u n ifo rm ity  of th e  magnetic 
f i e l d ,
( I t  i s  t o  be noted t h a t  th e  above c a lc u la t io n s ,  c a r r ie d  
out by th e  au th o r ,  a re  no t r ig o ro u s .  An exact th e o ry  of th e  
s e m i-c i r c u la r  spec trom eter  has been c a r r i e d  out very  r e c e n t ly  
by G eoffrion  (September, 1949) who d e r iv e s  optimum c o n d i t io n s  
of o p e ra t io n ,  which a re  s l i g h t l y  d i f f e r e n t  from th o se  chosen 
above (equal c o n t r ib u t io n s  to  th e  l i n e  w id th .)  'With th e  
optimum c o n d i t io n s ,  however, th e  same fundam ental r e l a t i o n s h i p  
between I‘ and P i s  d e r iv ed , th e  only change being  in  th e  v a lu e  
of th e  num erical c o n s ta n t . )
(b) Magnetic Lenses.
The term, magnetic le n s  i s  norm ally  used to  d e sc r ib e  any 
magnetic fo c u ss in g  arrangement where th e  f i e l d  p o sse sse s  a x ia l  
symmetry. The s im p les t case of t h i s  i s ,  of course , t h a t  of a 
uniform a x ia l  f i e l d ,  such as i s  conven ien tly  o b ta ined  by th e  
use of a long so le n o id . In  t h i s  case , p a r t i c l e s  of th e  same 
energy and em itted  from a p o in t  source a t  th e  same angle to  th e  
magnetic f i e l d ,  d e sc r ib e  h e l i c e s  of th e  same dimensions and a re  
brought back to  a focus  in  a p o in t  a t  th e  same d is ta n c e  from 
th e  a x is  as was th e  p o in t  of em ission . The method of use i s  to  
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p la ce  th e  source and th e  d e te c to r  a t  p o in ts  on th e  a x is  of th e  
so le n o id , and to  in te rp o s e  between them a b a f f l e  which t r a n s m its  
only  th o se  p a r t i c l e s  which pass th rough  an an n u la r  a p e r tu re  
whose dimensions and p o s i t io n  c o n t ro l  th e  c o l l e c t in g  s o l id  
ang le , and r e s o lu t io n  of th e  in s tru m e n t.  T h is  method was f i r s t  
suggested  by K ap itza  and in v e s t ig a te d  by T r ic k e r  (1924) using  
th e  photographic  p l a t e  method of d e te c t io n  which was not v ery  
s u i t a b le  f o r  use w ith  t h i s  te c h n iq u e .  The f i r s t  spec trom eter  
using  t h i s  method w ith  a G-.M. co u n te r  was c o n s tru c te d  by
Witcher (1941) and achieved a s o l id  ang le  of 0.126 s te r a d ia n s
2and a source a re a  of 3.14 cm w ith  a r e s o lv in g  power of 16 .7 . 
This performance can t h e o r e t i c a l l y  be eq u a lled  by a semi- 
- c i r c u l a r  r e s o lv e r  of 12 cm r a d iu s ,  w ith  an a p e r tu re  angle Q 
of 0.245 r a d ia n s .  The so len o id  used by W itcher, which con ta ined  
about 360 lb s  of copper, was 60 in ch es  long , had an i n t e r n a l  
d iam eter of 10.5 in ch es  and was w ate r-coo led  so th a t  i t  could 
d i s s ip a t e  a power o f  18 kW. The maximum energy of e le c t ro n  
th a t  could be fo cu ssed  was 4*4 M.E.V. I t  w i l l  be observed t h a t  
from t h i s  p o in t  o f  view th e  so len o id  i s  a v e ry  i n e f f i c i e n t  
in strum en t when compared w ith  a s e m i- c i r c u la r  r e s o lv e r ,  which, 
w ith  th e  same amount of copper on a 12” magnet would focus  
e le c t ro n s  o f  30 M.js.V. w ith  th e  expend itu re  o f  only one t h i r d  
of  th e  power.
R ecen tly , however, a g re a t  dea l of a t t e n t io n  has been p a id  
to  th e  design of th e  so len o id  spec trom ete r , and an e x c e l le n t  
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paper by P e rs ico  (1949) co n s id e rs  t h i s  design  problem no t only  
from th e  p o in t o f  view o f  optimum g eo m etr ica l  perform ance, but 
a lso  b ea ring  in  mind th e  ques tion  o f  economy of copper and power 
P e rs ico  c la im s t h a t  w ith  a so leno id  of th e  s iz e  used by W itcher, 
optimum design could g ive  fo u r  tim es th e  i n t e n s i t y  f a c t o r  f o r  
th e  same re so lv in g  power, o r  tw ice th e  r e s o lv in g  power f o r  th e  
same v a lu e  of P. A b e t t e r  comparison between th e  b e s t  design  
of so leno id  and of s e m i-c i r c u la r  type  r e s o lv e r s  i s ,  however, 
a v a i la b le  s in c e  P e rs ic o  g iv es  th e  r e l a t i o n s h i p  between th e  
i n t e n s i t y  f a c t o r  and re s o lv in g  power f o r  th e  so len o id  as :
F = 5.4B2.P_5/ 2
where D = 2p/eH, e being  th e  e l e c t ro n ic  charge in  e .m .u . This 
le n g th  determ ines roughly  th e  dimensions of th e  so le n o id , being  
of th e  o rd e r  o f  i t s  d iam eter.
I t  w i l l  be observed t h a t  th e  r e l a t i o n s h i p  i s  s im i la r  to
t h a t  governing th e  performance o f  th e  s e m i- c i r c u la r  r e s o lv e r ,
2 ^ 2  th e  a re a  5*4D being s u b s t i tu t e d  f o r  2liR . I t  i s  th u s  c l e a r
t h a t  th e r e  i s  no e s s e n t i a l  d i f fe re n c e  between th e  perform ances 
o f  th e  two in s tru m e n ts ,  s in ce  e i t h e r  type can be made to  g ive  
any d e s ire d  performance by s u i t a b le  choice of d im ensions. I t  
i s  c l e a r ,  however, t h a t  in  p r a c t i c e  th e  so len o id  type i s  
s u p e r io r  where a l a rg e  s o l id  angle  i s  e s s e n t i a l ,  as where a 
source i s  l im i te d  in  t o t a l  s t r e n g th  but can be co n c en tra ted  
in to  a sm all a re a .  Here a l a rg e  source a re a  i s  p o in t l e s s ,  
w hile th e  l a r g e s t  p o s s ib le  s o l id  angle i s  d e s i r a b le ,  and in  t h i s  
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case  th e  s e m i-c i r c u la r  type  i s  not s u i t a b l e ,  s in c e  l a r g e  s o l id  
ang les  mean wide gaps, and hence d i f f i c u l t y  in  m a in ta in in g  th e  
u n ifo rm ity  of th e  f i e l d .  This advantage of th e  so len o id  f o r  
weak sources of small s iz e ,  i s  however q u i te  outweighed by i t s  
l im i t a t i o n  in  th e  energy range t h a t  can be focussed  by a 
so len o id  of  rea so n ab le  dim ensions; and where a spec trom eter  
i s  d e s ire d  which w i l l  p rov ide  good i n t e n s i t y  and r e s o lv in g  
power f o r  work on sources  o f  low s p e c i f ic  a c t i v i t y  and v e ry  
h igh  energy, as in  th e  p re se n t case , th e r e  i s  l i t t l e  doubt t h a t  
th e  s e m i- c i r c u la r  r e s o lv e r  p ro v id es  a b e t t e r  in s tru m e n t.
The above c r i t i c i s m s  of so leno id  type  le n s e s  apply e q u a lly  
to  le n s e s  o f o th e r  ty p e s .  Of th e se  th e  sh o r t  c o i l  ty p e  (Deutsch, 
E l l i o t t  and Evans, 1944) i s  more economical than  th e  so len o id , 
but p rov ides  an i n f e r i o r  perform ance. Recent des igns  of le n s e s  
having small s p h e r ic a l  a b e r ra t io n  (R ichardson, 1949; S l& tis  
and Siegbahn, 1949) promise to  p rov ide  extrem ely la rg e  s o l id  
ang les  f o r  th e  study  o f  weak sou rces , bu t a re  r a t h e r  sp e c ia l ise d  
in s tru m e n ts  u s in g  p o in t  sources  and would not be a p p l ic a b le  to  
our problem.
(c) The Double Focussing Spectrom eter.
In 1946, in  a l e t t e r  to  N ature, Svartholm and Siegbahn 
d esc r ib ed  a new type of an a ly se r  in  which th e  p a r t i c l e s  move 
approxim ately  in  c i r c l e s ,  but undergo second o rd e r  fo c u ss in g  
bo th  in  th e  median p lane  of  th e  in s tru m e n t,  and in  t h e i r  motion 
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a t  r i g h t  ang les  to  t h i s  p la n e . T h is  type of  in s tru m en t,  which
has s in ce  come to  be known as th e  Double Focussing  S pec tro -
:m eter, depends on th e  p r in c ip l e  t h a t  had a l re a d y  been used in
b e ta t ro n  des ign , t h a t  a magnetic f i e l d  w ith  a x ia l  symmetry,
which d im in ishes w ith  in c re a s in g  r a d iu s ,  ten d s  to  produce
fo c u ss in g  in  a beam of p a r t i c l e s  moving in  approxim ately
c i r c u l a r  o r b i t s  round th e  c e n t r a l  a x i s .  A f u l l  th e o ry  of th e
e f f e c t  has s in ce  been p u b lish ed  by Shull and Dennison (1947)>
and th ey  t r e a t  th e  motion of th e  p a r t i c l e s  as due to  small
p e r tu r b a t io n s  of th e  c e n t r a l  c i r c u l a r  eq u il ib r iu m  o r b i t ,  and
show th a t  f o r  a c e r t a in  law of v a r i a t i o n  of  th e  f i e l d ,  which
_-Lcorresponds v e ry  c lo s e ly  to  HoCR 2 , th e  ’’Y/avelengths” of th e  
p e r tu r b a t io n s ,  in  th e  median p lane  and normal to  i t ,  a re  equal
and correspond to  an angu la r  d is ta n c e  of
From th e  eq ua tions  of Shull and Dennison, i t  i s  p o s s ib le  
to  a r r iv e  a t  a r e l a t i o n s h i p  between F and P f o r  t h i s  type of 
r e s o lv e r  as well as f o r  th e  o th e r  two which we have co n s id ered . 
In  t h i s  case , i f  Q o r  0  a re  l i n e a r l y  r e l a t e d ,  we once again  
o b ta in  F = ( c o n s t ) only  t h i s  tim e th e  co n s tan t may be
made se v e ra l  tim es as la rg e  as f o r  th e  s e m i-c i r c u la r  in s tru m en t,  
s in ce  by a s u i t a b le  choice  of th e  second o rd e r  c o e f f ic ie n t  in  
th e  r a d i a l  v a r i a t i o n  of th e  f i e l d ,  i t  i s  t h e o r e t i c a l l y  p o s s ib le  
to  achieve t h i r d  o rd e r  fo c u ss in g  in  th e  median p lane  and so 
achieve com parative ly  l a rg e  c o l l e c t in g  ang les  in  t h i s  p lan e .
(Q = k0, say, where k i s  a design  p a ram ete r) .  This  advantage
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i s  only r e a l i z a b l e  in  p r a c t i c e ,  however, i f  th e  ang les  concerned 
are  sm all, s ince  th e  p e r tu rb a t io n  th eo ry  b reaks  down f o r  l a rg e  
d isp lacem en ts . For t h i s  re a so n ,  th e  use of t h i s  type  of s p e c tro -  
:m eter has been r e s t r i c t e d  to  th e  case of  h igh  r e s o lu t io n  (Kurie , 
Osoba and S lack, 1948; S h u ll ,  1948) (Resolving power of s e v e ra l  
hundreds), f o r  which case i t  can p rovide a h ig h e r  i n t e n s i t y  than  
e i t h e r  of th e  o th e r  types  o f  comparable s i z e .
Summing up t h i s  sh o r t  d isc u ss io n  of th e  r e l a t i v e  m e r i ts  of 
th e  th r e e  main ty p e s  of magnetic a n a ly se rs ,  then, we must 
observe t h a t  th e  i n t e n s i t y  f a c t o r ,  which we defined  e a r l i e r ,  i s  
in  each case p ro p o r t io n a l  t o  th e  5/2 power of th e  in v e rs e  of th e  
re s o lv in g  power, and to  th e  square of th e  l i n e a r  dimensions of 
th e  a p p a ra tu s .  Hence, f o r  th e  purpose o f  gamma-ray s p e c tro -  
:scopy, th e re  i s  no fundam ental v i r t u e  in  one type r a t h e r  than  
ano ther , s in c e  any one can be made to  equal th e  performance o f  
ano ther  by making i t  la rg e  enough. In p r a c t i c e ,  however, those  
in s tru m e n ts  u s ing  i ro n  magnets a re  more economical f o r  use a t  
high  e n e rg ie s ,  w hile th e  le n s e s  a re  capable  of  p rov id in g  l a r g e r  
s o l id  ang les  than  th e  o th e r  ty p e s ,  though u s u a l ly  a t  th e  
expense of source s iz e .  They a re  most u s e fu l  th en , a t  low 
e n e rg ie s ,  and w ith  weak sources  of high s p e c i f i c  a c t i v i t y .
Where h igh  r e s o lu t io n  i s  e s s e n t i a l ,  th e  double fo c u ss in g  type  
of  in s trum en t i s  capab le  o f  p rov id in g  th e  l a r g e s t  i n t e n s i t y  of 
th e  th r e e  ty p e s .  I t  sh a re s  w ith  th e  s e m i-c i r c u la r  ty p e  th e  
advantage of u s ing  an i ro n  magnet which enab les  i t  to  be used
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a t  r e l a t i v e l y  high  e n e rg ie s ,  but s u f f e r s  from th e  p r a c t i c a l  
d i f f i c u l t y  th a t  i t  r e q u i r e s  a shaped f i e l d .
In view of arguments of  th e  above ty p e ,  and a lso  of th e  
im portan t f a c t  th a t  an e lectrom agnet of s u i t a b le  dimensions 
was a v a i la b le  in  th e  Department, i t  was decided ( e a r ly  in  1948), 
to  co n c en tra te  on th e  use of spec trom eters  employing an e l e c t r o -  
: magnet to  prov ide  th e  f i e l d .  Furtherm ore, s in ce  i t  v/as 
r e a l i z e d  th a t  in  th e  study of th e  en e rg ie s  of v e ry  hard gamma 
r a d ia t io n s  th e  only  way to  achieve good r e s o lu t io n  was to  
observe s im ultaneously  th e  en e rg ie s  o f  th e  p o s i t ro n s  and 
e le c t ro n s  produced as p a i r s  by th e  gamma-rays, (see  I ,3 > (d ) )  i t  
was decided to  co n cen tra te  i n i t i a l l y  on th e  s im p les t  p o s s ib le  
type of r e s o lv e r ,  namely th e  s e m i-c i r c u la r  ty p e . The id e a ,  
th e n , was to  c o n s tru c t  a simple spec trom eter  of t h i s  type f o r  
th e  in v e s t ig a t io n  of Compton and p h o to -e le c t ro n s  produced by 
gamma-rays in  th e  energy range 100 K.E.V. to  3 M.E.V. u s in g  th e  
w ell e s ta b l i s h e d  techn ique  of Siegbahn, and f u r t h e r ,  to  cons truc t 
a double s e m i-c i r c u la r  r e s o lv e r  f o r  th e  sim ultaneous a n a ly s is  
of th e  p o s i t ro n s  and e le c t ro n s  e je c te d  from a th in  f o i l  by hard 
gamma-rays in  th e  energy range 3 M.E.V. to  20 M.E.V. The 
form er of th e s e  p r o je c t s  was c a r r ie d  th rough  as o r ig in a l ly  
planned, but th e  l a t t e r  was a l t e r e d  a f t e r  th e  p u b l ic a t io n  of 
Y/alker and McDaniel’s paper in  August, 1948, and th e  p a i r  
spec trom eter  f i n a l l y  b u i l t  was a m u l t ip le  r e so lv in g  chamber of 
th e  type d esc r ib ed  by th e se  au th o rs .
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I I . 2. The S e m i - C i r c u l a r  R e s o l v e r .
(a )  The E le c t r o m a g n e t .
The d e s ig n  o f  t h i s  i n s t r u m e n t  was n a t u r a l l y ,  t o  some e x t e n t  
a f f e c t e d  by t h e  e l e c t r o m a g n e t  which was a v a i l a b l e ,  and so i t  
would p e r h a p s  be w ise  t o  b e g in  w i th  a  s h o r t  d e s c r i p t i o n  o f  t h i s  
a p p a r a t u s .  The e l e c t r o m a g n e t  o f  which a p h o t o g r a p h  i s  shown i n  
f i g u r e  3 > h a s  c i r c u l a r  p o l e  p i e c e s  o f  tw e lv e  i n c h e s  i n  d i a m e t e r ,
f i g u r e  5* The e l e c t r o m a g n e t .
and a gap which i s  a d j u s t a b l e  i n  q u a r t e r  i n c h  s t e p s ,  from one 
q u a r t e r  i n c h  t o  e i g h t  i n c h e s .  V.ith a  gap o f  two i n c h e s ,  t h e  
f i f t e e n  h u n d re d w e ig h t s  o f  c o p p e r  i n  t h e  w in d in g s  e n a b le  a  f i e l d  
o f  t e n  th o u s a n d  g a u s s  t o  be o b t a i n e d  w i th  a  c u r r e n t  o f  t h i r t y -  
- f i v e  am peres ,  which r e p r e s e n t s  a  d i s s i p a t i o n  o f  t h e  o r d e r  o f  
t w e lv e  h undred  w a t t s .  The g r o s s  w e igh t  o f  t h e  magnet  i s  abou t  
f o u r  t o n s .  I t  w i l l  be o b se rv e d  from t h e  p h o to g r a p h  t h a t  i n  i t s  
p r e s e n t  p o s i t i o n ,  i n  t h e  beam room o f  t h e  p a r t i c l e  a c c e l e r a t o r ,  
i t /
i t  i s  mounted on a bogie which enab les  i t  to  be moved out of 
th e  way along th e  r a i l s  p rovided , when no t in  use .
(b) The S pectrom eter.
To r e tu r n  then  t o  th e  design of th e  s e m i-c i r c u la r  
r e s o lv e r ,  t h i s  i s  e s s e n t i a l l y  s im i la r  to  th e  numerous examples 
of  th e  type  d esc r ib ed  in  th e  l i t e r a t u r e ,  except p o s s ib ly  th a t  
more ca re  than  u su a l was taken  in  i t s  design  in  o rd e r  to  
achieve high i n t e n s i t y .  Most e a r l i e r  des igns were e s s e n t i a l l y  
f o r  two dim ensional in s t ru m e n ts ,  and not u n t i l  th e  p u b l ic a t io n  
o f  G-eoffrion*s paper in  September 1949 was th e  exact c a lc u la t io n  
of th e  optimum r e l a t i o n  between th e  v a r io u s  design  param eters  
c a r r i e d  o u t .  The p re se n t  au th o r ,  however, w ith  th e  a id  of th e  
c a lc u la t io n s  d esc r ib ed  in  1 1 , 1 , (a) had a lre ad y  c o n s tru c te d  an 
in s trum en t of  good des ign , and a diagram o f  th e  i n t e r n a l  
s t r u c tu r e  o f  th e  spec trom eter  i s  shown in  f ig u r e  4. I t  w i l l  be 
observed from th e  diagram t h a t  th e  vacuum tan k , which i s  th e  
s t r u c t u r a l  b a s i s  of th e  ap p a ra tu s ,  c o n s i s t s  o f  two h a l f - in c h  
s t e e l  p l a t e s  fo u r te e n  inches  in  d iam eter, se p a ra te d  by a hollow 
copper c y l in d e r  o f  q u a r te r - in c h  w all th ic k n e s s ,  to  g ive  a space 
two inches  deep. One s t e e l  p l a t e  i s  so ld e red  to  th e  copper 
c y l in d e r ,  while th e  o th e r  i s  a t ta c h e d  w ith  a number of s t e e l  
screws, and se a led  w ith  a ru b b e r  g a sk e t .  The s t e e l  p l a t e s  
were d e l ib e r a t e ly  made l a r g e r  in  d iam eter than th e  magnet 
p o le s ,  in  o rd e r  to  reduce th e  f r in g in g  f i e l d  e f f e c t  in s id e  
t h e /
th e  ta n k ,  ‘Three of th e se  tanks  were c o n s tru c te d ,  one being 
used f o r  each of th e  r e s o lv e r s  d isc u sse d  above, and th e  t h i r d  
being kep t as a spa re .
To r e tu r n  to  th e  diagram of th e  s e m i- c i r c u la r  r e s o lv e r ,
To pump
F i g u r e  4» The S e m i - C i r c u l a r  S p e c t r o m e t e r ,
S i s  th e  p o s i t io n  of th e  source which i s  mounted through a ho le  
in  th e  l i d  of th e  vacuum ta n k .  C i s  th e  p o s i t io n  of th e  co u n te r  
which a lso  mounts through a ho le  in  th e  l i d ,  and D i s  an 
aluminium p la t e  in  which i s  m il led  th e  a p e r tu re  which d e f in e s  
th e  v a lu e s  of Q and 0  u t i l i s e d .  Several o f  th e se  p l a t e s  are  
a v a i la b le ,  p rov id ing  a v a r i e t y  of s o l id  an g les , and a 
c o rresp o n d in g /
corresponding  s e t  o f  p l a t e s  E i s  a v a i la b le ,  w ith  s l i t s  m il led  
in  them to  s u i t  th e  v a lu e s  of s o l id  angle  a v a i la b le  w ith  D.
The b a f f l e s  B a re  f ix e d  and have no p a r t  in  d e f in in g  th e  beam 
of p a r t i c l e s ,  but they  help  to  suppress unwanted p a r t i c l e s  
which might o therw ise  e n te r  th e  co u n te r  a f t e r  s c a t t e r i n g  a t  th e  
w alls  of th e  a p p a ra tu s .  A ll exposed su r fa c e s  in  th e  s p e c tro -  
:meter a re  covered w ith  aluminium sh e e tin g  to  reduce  such 
s c a t t e r in g  to  a minimum. Of th e  rem aining f e a tu r e s  o f  th e  
ap p a ra tu s , F i s  a f l i p  c o i l  which i s  used, in  co n junc tion  w ith  
a Cambridge Fluxm eter, to  determ ine th e  v a lu e  of th e  magnetic 
f i e l d ,  and P^ and are  p o r t s  which r e s p e c t iv e ly  enable a 
beam of p ro tons  o r  deu terons  to  be d i r e c te d  on to  a t a r g e t  
s i t u a te d  a t  th e  source p o s i t io n ,  and a p ro p o r t io n a l  co u n te r  to  
be f i t t e d  to  the  ap para tu s  in  o rd e r  to  d e te c t  heavy p a r t i c l e s  
emanating from th e  t a r g e t .  H i s  a sm all s h u t t e r  which can be 
opera ted  from o u ts id e  th e  vacuum, and to  which can be a t ta c h ed  
a co n v e r to r  which can th u s  be p laced  in  f ro n t  o f  th e  source 
during  an experim ent, i f  d e s i re d .  A ll of th e se  f e a tu r e s  have 
e i t h e r  been used a lre a d y  in  experim ents w ith  t h i s  spec trom ete r  
of  e l s e  t h e i r  use i s  planned in  f u tu r e  experim ents.
(c) The C ounters.
One of th e  sm all double G-.M. co u n te rs  used w ith  the  
in s trum en t i s  shown in  F ig u re  5* These co u n te rs  a re  made as 
small as p o s s ib le  in  o rder  to  reduce t h e i r  background, but 
t h e /
t h e  s m a l l e s t  background  o b t a i n e d  i n  t h i s  way w i t h  a  s i n g l e  
c o u n t e r  was abou t  t e n  c o u n t s  p e r  m in u te .  With t h e  u se  o f  two
I__________i------------- 10 3 10 cm-
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sm a l l  c o u n t e r s  i n  c o i n c i d e n c e  however ,  t h e  background  was 
f i n a l l y  r e d u c e d  t o  1 . 5  c o u n t s  p e r  m in u te ,  t h i s  r e d u c t i o n  b e in g  
h i g h l y  i m p o r t a n t  i n  t h e  s tu d y  o f  weak e f f e c t s  l i k e  i n t e r n a l  p a i r -
j
c r e a t i o n ,  which ,  w i t h  t h e  i n t e n s i t y  f a c t o r  a v a i l a b l e ,  may y i e l d  
a  c o u n t i n g  r a t e  o f  o n ly  a  few t i m e s  t h i s  f i g u r e ,  and c e r t a i n l y  
l e s s  t h a n  t e n  p e r  m in u te .  The window be tween t h e  two c o u n t e r s  i 
i s  o f  aluminium l e a f ,  and i s  e q u i v a l e n t  t o  o n ly  one o r  two mm. 
o f  a i r ,  w h i le  t h e  o u t e r  window, which has  t o  w i t h s t a n d  
a tm o s p h e r ic  p r e s s u r e  when t h e  s p e c t r o m e t e r  i s  opened to  t h e  
a tm o sp h e re ,  i s  n o r m a l ly  o f  mica  and o f  t h i c k n e s s  e q u i v a l e n t  t o  
one o r  two cm. o f  a i r .
(d)  C a l i b r a t i o n  of  t h e  S p e c t r o m e t e r .
In  o r d e r  t o  t e s t  t h e  working  o f  t h e  i n s t r u m e n t ,  and a l s o
t o  o b t a i n  a  c a l i b r a t i o n  o f  t h e  f l u x - m e a s u r i n g  sys tem ,  a  s h o r t  
s t u d y  was made o f  t h e  r a d i a t i o n s  o f  T h l  and i t s  p r o d u c t s .  The 
s o u r c e  u s e d  was a  p i e c e  o f  f i n e  t i n n e d  c o p p e r  w i re  on which a 
v e r y  t h i n  l a y e r  o f  T h i  had been d e p o s i t e d  from t h e  em anat ion  o f  
RaTh by t h e  a c t i o n  o f  an e l e c t r i c  f i e l d .  T h i s  p r o v i d e d  a  s o u rc e  
o f  n e g l i g i b l e  w id th ,  which e m i t s  a  w e l l  known s e r i e s  o f  i n t e r n a l  
c o n v e r s i o n  l i n e s  which e x te n d  o v e r  t h e  e n t i r e  r a n g e  o f  e n e r g i e s  
f o r  which t h e  s p e c t r o m e t e r  was d e s i g n e d ,  and t h e  r e s u l t s  o f  t h e  
r u n s  t a k e n  on t h i s  s o u r c e  a r e  shown i n  f i g u r e s  6 and 7. F i g u r e  6
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F i g u r e  6. Low E nergy  B e t a - r a y  Spectrum o f  Th(i>hC+CM)
shows t h e  low e n e rg y  r e g i o n  o f  t h e  b e t a - r a y  spec t rum  when 
examined w i t h  a  nom ina l  r e s o l v i n g  power o f  200. The l a r g e s t  
peak  i s  t h e  w e l l  known "F—l i n e "  whose momentum v a l u e  h a s  been 
m e a su re d /
42.
m easured  v e r y  a c c u r a t e l y  ( t o  a t  l e a s t  1 /5 0 0 )  by E l l i s  and 
o t h e r s  ( R u t h e r f o r d ,  Chadwick and E l l i s ,  1950, p p . 3 6 9 -57 0 ) ,  and 
t h e  d e t e r m i n a t i o n  o f  t h e  f l u x m e t e r  r e a d i n g  f o r  t h i s  peak a lo n e  
i s  t h e o r e t i c a l l y  s u f f i c i e n t  t o  c a l i b r a t e  t h e  i n s t r u m e n t  f o r  a l l  
e n e r g i e s .  I t  was d e c i d e d ,  however, t h a t  a  check on t h e  
c a l i b r a t i o n  a t  h i g h  e n e r g i e s  would be a d v i s a b l e ,  i n  o r d e r  t o  be 
c e r t a i n  o f  t h e  l i n e a r i t y  of  t h e  f l u x m e t e r ,  and so a r e c o r d  was 
t a k e n  o f  t h e  b e t a - r a y  spec t rum  o f  t h e  s o u r c e ,  n e a r  i t s  e n d - p o i n t ,  
w i t h  a  r e s o l v i n g  power o f  50, w i t h  a  v iew  t o  o b s e r v i n g  t h e  
i n t e r n a l - c o n v e r s i o n  (K) l i n e  o f  t h e  2 .62  M.E.V. gamma-ray from 
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y i e l d  a  c a l i b r a t i o n  of  t h e  i n s t r u m e n t  i n  good agreem ent  w i t h  
t h a t /
t h a t  o b t a i n e d  from t h e  F - l i n e  o f  ThB. The spec t rum  o b t a i n e d  i s  
shown i n  F i g u r e  7, and t h e  c a l i b r a t i o n  c u rv e  o f  t h e  s p e c t r o -  
: m e t e r ,  b a s e d  on t h e  F - l i n e  i s  shown i n  F i g u r e  8, w i t h  t h e  
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F i g u r e  8 .  C a l i b r a t i o n  Curve o f  S p e c t r o m e t e r .
( i t  may be n o t i c e d  i n  F i g u r e  6 t h a t  t h e  F - l i n e  a c t u a l l y  
h a s  a  h a l f - w i d t h  o f  abou t  1 . 5 #  d e s p i t e  t h e  h ig h  r e s o l v i n g  power 
u s e d .  T h i s  i s  due t o  t h e  s o u rc e  m oun t ing ,  s i n c e  t h e  u se  o f  
lo w e r  r e s o l v i n g  powers d i d  n o t  i n c r e a s e  g r e a t l y  t h e  w id th  o f  t h e  
l i n e ,  and i s  c au se d  by s c a t t e r i n g  i n  t h e  heavy  co p p er  and t i n  o f  
t h e  m oun t ing ,  and a l s o  by s e l f  a b s o r p t i o n  o f  t h o s e  e l e c t r o n s  
which come from t h e  s i d e s  o f  th e  w i re  and so emerge n e a r l y  
t a n g e n t i a l l y /
t o  i t s  s u r f a c e .  The problem o f  s o u rc e  mounting  i s  one o f  t h e  
main d i f f i c u l t i e s  i n  t h e  u se  o f  m ag n e t ic  a n a l y s e r s  f o r  t h e  
s t u d y  o f  low e n e rg y  b e t a - r a y  s p e c t r a . )
While  f i g u r e  6 shows v e r y  c l e a r l y  t h e  o r d e r  o f  r e s o l u t i o n  
p r o v i d e d  by t h e  s p e c t r o m e t e r  i n  t h e  a n a l y s i s  o f  t h e  i n t e r n a l -  
c o n v e r s i o n  e l e c t r o n s  from a  s o f t  gamma-ray (241 X .E .V .)  and a 
heavy  n u c l e u s ,  i t  i s  i n t e r e s t i n g  t o  o b se rv e  t h e  o r d e r  o f  
r e s o l u t i o n  p o s s i b l e  w i t h  t h e  u se  o f  S i e g b a h n f s t e c h n i q u e .  Here 
ThE and i t s  p r o d u c t s  do n o t  p r o v i d e  a  v e r y  s u i t a b l e  s o u r c e  s i n c e  
t h e y  emit  a  l a r g e  number o f  gamma-rays, and w i th  t h e  d i m in i s h e d  
r e s o l u t i o n  o b t a i n a b l e  by e x t e r n a l  c o n v e r s i o n ,  i t  becomes 
d i f f i c u l t  t o  i n t e r p r e t  t h e  r e s u l t s  o b t a i n e d .  A v e r y  good
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   __ 203f i g u r e  9. Secondary  E l e c t r o n s  from Gamma-Rays o f  hg
example o f  t h e  r e s o l u t i o n  o b t a i n a b l e  w i t h  t h e  i n s t r u m e n t  i s  
however shown i n  f i g u r e  9. T h i s  i s  t h e  spec t rum  o f  t h e  secondaiy  : 
e l e c t r o n s /
e le c t ro n s  e je c te d  from a g la s s  tube  covered w ith  se v e ra l
th ic k n e s s e s  of  p la tinum  l e a f ,  by th e  270 K.E.V. gamma-rays from 
203Hg  ^ and was o b ta in ed  by Mr. H.vv. Wilson during  th e  course of 
h i s  ?/ork on t h i s  source . I t  w i l l  be observed th a t  a t  t h i s  
energy th e  Compton e f f e c t  in  th e  ( th ic k )  g la s s  produces com- 
ip a r a t iv e ly  few e le c t r o n s ,  w hile th e  p h o to - e le c t r i c  e f f e c t  in  
th e  very  th in  p la tinum  i s  so s tro n g  t h a t  th e  peaks due to  con­
v e r s i o n  in  th e  K and 1 s h e l l s  of th e  pla tinum  are  c l e a r l y  seen, 
and t r a c e s  of th e  M-conversion e le c t ro n s  a re  a lso  v i s i b l e .
Since th e  mercury source was weak (^so^ciC), i t  i s  c l e a r  t h a t  
th e  spec trom ete r  p ro v id es  a good method of in v e s t ig a t in g  th e  
en e rg ie s  o f  gamma-rays in  t h i s  energy re g io n .
I I .3 «  The P a i r  Spectrom eter.
(a) An E arly  Id ea .
In 1947, th e  au th o r  was working w ith Dr. S.C. Curran on 
th e  p r o p e r t i e s  o f  G-.M. co u n te rs  w ith  beads of conducting or 
in s u l a t i n g  m a te r ia l s  on th e  w ire . (Curran and Rae, 1947) Out 
o f  t h i s  work a ro se  an id e a  of Dr. C urran’ s to  u t i l i s e  t h i s  
e f f e c t  in  th e  design  of a sp ec tro m ete r , in  p a r t i c u l a r  a p a i r  
sp ec tro m ete r ,  and a model was c o n s tru c te d ,  of which a schem atic 
diagram i s  shown in  F igu re  10. The p lan  was to  surround th e  
source of p a r t i c l e s  w ith  a r in g  shaped G.M. co u n te r  having i t s  
a x is  ly in g  along th e  d i r e c t io n  of th e  magnetic f i e l d ,  and to  
d iv id e /
d iv id e  t h i s  co u n te r  in to  a la rg e  number of independent s e c t io n s ,  
by means of beads, o r  t h e i r  e q u iv a le n ts ,  p laced  a t  r e g u la r  
i n t e r v a l s  on th e  w ire . Then a p a r t i c l e  em itted  by th e  source in
F ig u re  10. The 360° Spectrom eter.
th e  p lane  of th e  paper w i l l ,  in  g e n e ra l ,  i n t e r s e c t  only one o r  
two s e c t io n s  of th e  co u n te r ,  and w i l l  produce a p u lse  o f  
corresponding  s iz e  in  th e  o u tp u t .  I f ,  however, th e  p a r t i c l e  i s  
em itted  w ith  a momentum such th a t  i t s  r a d iu s  of cu rv a tu re  w i l l  
cause i t  to  d e sc r ib e  a p a th  t a n g e n t i a l  to  th e  o u te r  w all o f  th e  
coun te r ,  then  t h i s  p a r t i c l e  w i l l  t r i g g e r  some f iv e  o r  s ix  
s e c t io n s  of th e  co u n te r  and produce a co rrespond ing ly  l a r g e r  
p u ls e .  Hence i f  th e  source c o n s i s t s  o f  a q u a n t i ty  o f  some 
m a te r ia l  em it t in g  hard  gamma-rays (energy much g r e a t e r  th a n  1 
M.E.V.), surrounded by th in  le a d  f o i l ,  i t  i s  c l e a r  t h a t  p o s itro n -  
e le c t ro n  p a i r s  e je c te d  from th e  f o i l  by th e  gamma-rays, f o r  th e  
c o r r e c t /
c o r r e c t  v a lu e  of th e  magnetic f i e l d ,  and f o r  th e  case of  eq u i-  
p a r t i t i o n  of energy between th e  two components o f  the  p a i r ,  
could produce p u lse s  corresponding  to  th e  t r i g g e r in g  of te n  or 
tw elve s e c t io n s  of th e  co u n te r .
T h is  was, in  essence, th e  id e a  behind th e  f i r s t  p a i r  
sp ec tro m ete r  c o n s tru c te d  in  th e  la b o ra to ry ,  and a co n s id e rab le  
amount o f  e f f o r t ,  on th e  p a r t  of th e  au th o r ,  was ap p l ied  to  i t s  
development. U n fo r tu n a te ly ,  f o r  a number o f  te c h n ic a l  re a so n s , 
th e  in s trum en t in  i t s  o r ig in a l  form d id  no t prove s u i t a b le  f o r  
use as a p a i r  sp ec tro m ete r . The b a s ic  id e a ,  o f  a 360° semi­
c i r c u l a r  fo c u ss in g  sp ec tro m ete r , has however been developed by 
th e  au th o r ,  by th e  a n a ly s i s  o f  th e  g en e ra l  case  where th e  
p a r t i c l e s  a re  no t confined  to  th e  neighbourhood of t h e  median 
p la n e ,  and an in s trum en t o f  t h i s  type would seem to  be particu la r-  
s ly  s u i t e d  to  c e r t a in  branches of b e ta - r a y  spec tro scopy . In  
p a r t i c u l a r ,  th e  v e ry  l a rg e  s o l id  ang le  of c o l l e c t io n ,  which may 
approach 50% o f would make such an in s tru m en t id e a l  f o r  th e  
study  of complex b e ta - r a y  s p e c t r a  by th e  method o f  beta-gamma 
c o in c id e n ces .  (See P a r t  I l l . l . ( d ) . )
D esp ite  th e  im portance of t h i s  development of th e  id e a  of 
th e  360° sp ec tro m ete r ,  i t  was f e l t  t h a t  a  d e t a i l e d  d isc u ss io n  
of th e  s u b je c t  a t  t h i s  p o in t  might i n t e r f e r e  w ith  th e  l o g i c a l  
development of th e  main theme of t h i s  t h e s i s .  Consequently 
such a d is c u s s io n  has been om itted  from th e  main body of th e  
t e x t ,  b u t a f u l l  account has been p repared  and accep ted  f o r  
p u b l i c a t io n /
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. p u b l ic a t io n  (Rae, 1950 ,c) and t h i s  i s  g iven in  Appendix I .
(b) The Double S em i-C ircu lar  R eso lve r.
In  November 1947 McDaniel, von Dardel and Walker pub lish ed  
a l e t t e r  in  t h e  P h y s ica l  Review g iv in g  th e  r e s u l t s  o f  an 
experiment in  which th e  p a i r s  produced by th e  17 M.E.V. gamma- 
ra y s  from th e  p ro ton  bombardment of l i th iu m  were analysed  by 
means of two G.M. co u n te rs  p laced  on e i t h e r  s id e  of a le a d  f o i l  
which was being  i r r a d i a t e d  by th e  gamma-rays. By t h i s  means 
th e y  o b ta ined  a curve which re so lv e d  th e  17 M.E.V. component of 
th e  r a d ia t io n  q u i te  c l e a r ly ,  and suggested  th e  p resence  of lower 
energy r a d i a t i o n .  This dem onstrated th e  f e a s i b i l i t y  of  s tudy ing  
h igh  energy gamma-ray s p e c t r a  by an a ly s in g  th e  p a i r s  produced, 
in  a double s e m i- c i r c u la r  r e s o lv e r ,  a t  l e a s t  in  th e  17 M.E.V. 
energy re g io n .  Since however th e  c r o s s - s e c t io n  f o r  p a i r  
p ro d u c tio n  f a l l s  o f f  w ith  dec reas in g  energy, and s in c e  th in n e r  
c o n v e r to rs  must a lso  be used on account of in c re a se d  s c a t t e r in g  
and r e l a t i v e  l o s s  o f  energy in  th e  co n v e rto r ,  i t  was by no means 
c e r t a i n ,  from th e  d a ta  of  McDaniel and h i s  co-w orkers, t h a t  t h i s  
method would be p r a c t i c a b le  a t  e n e rg ie s  much below 17 M.E.V.
For t h i s  reason  a v e ry  crude model was c o n s tru c te d  u s in g  
two b e l l  type  G.M. co u n te rs  sunk in  a le a d  b lock  as shown in  
F ig u re  11. T h is  le a d  b lock was f ix e d  between th e  p o le s  of  th e  
e le c tro -m ag n e t ,  and th e  whole surrounded by a th in  b ra s s  s t r i p ,  
s e a le d  v/ith Q-compound and evacuated . Gamma-radiation from 
10 mC/
10 mC of RaTh was then  caused to  f a l l  on th e  th in  le a d  f o i l ,
To Pump
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F ig u re  11* Experim ental P a i r  Spectrometer*
as i s  shown in  th e  diagram, and th e  co inc idence  r a t e  between th e  
two co u n te rs  p lo t t e d  a g a in s t  th e  magnet c u r r e n t .  This gave th e  
curve shown in  F ig u re  12, in d ic a t in g  t h a t  even a t  2.6 M.E.V,,
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F ig u re  12. Gamma-Ray Spectrum of ThC”
th e  p a i r -p ro d u c t io n  c ro s s - s e c t io n  was s t i l l  h igh  enough to  make 
t h e /
50.
th e  method u sa b le .
(c) The M ulti-Channel P a i r  Spectrom eter.
When t h i s  f a c t  had been e s ta b l i s h e d ,  drawings were made 
f o r  t h e  c o n s tru c t io n  of a p ro p e r ly  designed double r e s o lv e r ,  but 
b e fo re  work had a c tu a l ly  s t a r t e d  on t h i s  spec trom ete r , McDaniel 
and Walker (194-8) p u b lish ed  t h e i r  l a t e r  paper d e sc r ib in g  t h e i r  
m u lt i-c h an n e l  in s tru m e n t,  and as t h i s  re p re se n te d  such an 
obvious advance on th e  s in g le -c h a n n e l  ty p e , i t  was a t  once 




F ig u re  13* The M ulti-Channel P a i r  Spectrom eter.
o f  th e  ap p a ra tu s  i s  shown in  F ig u re  13, and i t  w i l l  be observed 
t h a t  th e  f o i l  i r r a d i a t e d  by th e  gamma-rays i s  ve ry  wide. The
a b i l i t y /
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a b i l i t y  to  use a wide f o i l  and so p la ce  a la rg e  q u a n t i ty  of 
co n v e rt in g  m a tte r  in  th e  p a th  of th e  gamma-rays, w ithout u sing  
a th ic k  co n v e rto r ,  was one of th e  g re a t  advantages o f  t h i s  type  
o f  spec trom ete r  p o in ted  out by McDaniel e t  a l .  This can be 
t o l e r a t e d  because a t  r e l a t i v i s t i c  v e l o c i t i e s  th e  energy o f  a 
p a r t i c l e  i s  p ro p o r t io n a l  to  i t s  momentum, and so th e  sum of th e  
e n e rg ie s  o f  th e  p o s i t ro n  and th e  e le c t ro n  in  a p a i r ,  which i s  a 
measure of t h e  energy of th e  gamma-ray producing th e  p a i r ,  i s  alsc 
p ro p o r t io n a l  t o  th e  sum o f  t h e i r  momenta, and so to  th e  sum of 
t h e i r  r a d i i  o f  cu rv a tu re  in  a uniform magnetic f i e l d .  Now, i f  
a p a r t i c l e  i s  e je c te d  in  a d i r e c t io n  n e a r ly  normal to  th e  p lane  
of  th e  co u n te rs  and th e  f o i l ,  i t  i s  brought back to  th e  coun te r  
p lane  a t  a d is ta n c e  from i t s  p o in t  o f  em ission equal to  tw ice 
i t s  r a d iu s  o f  c u rv a tu re  in  th e  f i e l d .  (This fo llo w s from th e  
p r o p e r t i e s  of s e m i- c i r c u la r  f o c u s s in g ) .  Hence i f  a p o s i t ro n  
and e le c t ro n  in  a p a i r  a re  e je c te d  n e a r ly  normal to  th e  coun ter  
p la n e ,  th ey  a re  brought back to  th e  p lane  a t  a d is ta n c e  a p a r t  
equal to  tw ice  th e  sum of t h e i r  r a d i i  of c u rv a tu re .  I f  now 
each of th e s e  p a r t i c l e s  e n te r s  and t r i g g e r s  a co u n te r ,  then  th e  
d is ta n c e  a p a r t  o f  t h e  two co u n te rs  i s  a measure o f  th e  energy of 
th e  gamma-ray concerned, and t h i s  i s  independent of th e  p o in t  o f  
em ission of th e  p a i r ,  and of th e  a b so lu te  p o s i t io n  o f  th e  
c o u n te rs .  Hence i f  a la rg e  number of co u n te rs  i s  used, as in  
th e  diagram, a co inc idence  between th e  t r i g g e r in g  of any co u n te r  
on one s id e  o f  th e  f o i l  and one on th e  o th e r ,  g iv e s  a measure of 
th e  energy of th e  gamma-ray which produced th e  p a i r .  I f  f u r t h e r  
t h e /
th e  o u tp u ts  o f  a l l  th e  co u n te rs  a re  connected as shown to  a
m u lt ip le  co inc idence  c i r c u i t  which r e g i s t e r s  a l l  such p o s s ib le
com binations of c o u n te rs ,  and adds to g e th e r  a l l  th e  com binations
correspond ing  to  th e  same coun te r  s e p a ra t io n ,  then  th e  o u tp u ts
from th e  co inc idence  c i r c u i t  g ive a number o f  p o in ts  on th e
spectrum of th e  gamma-rays which a re  under o b se rv a tio n .  I t  i s
c l e a r  t h a t  w ith  th e  a id  of such a c i r c u i t ,  th e  in fo rm ation  t h a t
can be o b ta in ed  in  a given tim e from any source, i s  p ro p o r t io n a l
to  th e  number of p a i r s  o f  co u n te rs  in  use ; bu t i f  t h e r e  a re  n
co u n te rs  on each s id e  of th e  f o i l ,  then  th e  number o f  such p a i r s  
2i s  n . Hence, though th e  use of fo u r  or  f i v e  c o u n te rs  on each 
s id e  o f  th e  f o i l  makes th e  n ec essa ry  co incidence  c i r c u i t  v e ry  
l a r g e ,  ( th e  s iz e  of th e  c i r c u i t  i s  a lso  p ro p o r t io n a l  t o  n ) th e  
in c re a s e  in  speed in  ta k in g  s p e c t r a  w ith  th e  in s tru m e n t,  which 
i s  th e  g r e a t  advantage i t  enjoys over th e  cloud-chamber, makes 
t h i s  exp en d itu re  worth w hile .
(d) C o n s id e ra tio n s  in  th e  Design of a  M ulti-Channel In s tru m en t.
In  th e  above d e s c r ip t io n  of th e  a c t io n  o f  th e  p a i r  sp e c tro -  
:m eter, no account has been taken  of th e  v a r io u s  f a c t o r s  which 
o p e ra te  to  reduce i t s  e f f i c ie n c y  and r e s o lu t i o n .  These have 
been d iscu sse d  a t  le n g th  by Walker and McDaniel, and i t  w i l l  
s u f f i c e  here  to  mention th e  main d i f f i c u l t i e s ,  and th e  
l i m i t a t i o n s  th e y  impose on th e  use o f  th e  in s tru m e n t.  I t  was 
assumed in  th e  above d isc u ss io n  t h a t  th e  p a i r  p a r t i c l e s  were 
p r o j e c t e d /
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p ro je c te d  forw ard a t  r i g h t  ang les  to  th e  p lane  o f  th e  f o i l  and 
c o u n te rs .  In  p r a c t i c e  t h i s  i s  n o t so because th e  p a i r
p a r t i c l e s  a re  in  f a c t  p ro je c te d  in  such a way th a t  th e  m a jo r i ty
of them a re  con ta ined  w ith in  a cone of s o l i d  angle  mQc^/kv 
surrounding  th e  d i r e c t io n  o f  th e  gamma-rays, where mQ i s  th e  
r e s t —mass of an e le c t ro n .  (H e it le r ,  1936; p . 198) At an energy 
o f  3 M.E.V. t h i s  s o l id  angle i s  o f  th e  o rd e r  o f  l / 6  and th e  
corresponding  s e m i- c i r c u la r  l in e -w id th  i s  17$. There i s  a lso
th e  f a c t  t h a t  th e  gamma-ray beam i s  d iv e rg in g  and so th e  axes
of th e  cones of p a r t i c l e s  a re  in c l in e d  to  th e  normal to  th e  
co u n te r  p lan e . T h is  i s  only a sm all e f f e c t  provided  th e  source 
o f  th e  gamma-rays i s  s u f f i c i e n t l y  f a r  from th e  f o i l .  Even 
i f ,  however, th e  p a r t i c l e s  commence t h e i r  motion n e a r ly  
p e rp e n d ic u la r ly  to  th e  co u n te r  p la n e , i t  i s  e s s e n t i a l  t h a t  
th e y  should not be s c a t te r e d  th rough’ l a rg e  ang les  in  emerging 
from th e  co n v e rt in g  f o i l .  I t  might be thought t h a t  t h i s  
c r i t e r i o n  would make th e  s e le c t io n  of a f o i l  m a te r ia l  easy, 
s in c e  one d e s i r e s  th e  h ig h e s t  p a i r  p roduc tion  c ro s s - s e c t io n  f o r  
a g iven amount of n u c le a r  s c a t t e r i n g .  This  i s  n o t ,  however, 
th e  c a se ,  s in c e  bo th  phenomena in c re a s e  in  th e  same way, 
(p ro p o r t io n a l  to  z^) w ith  Z, ( H e i t l e r ,  1936, p . 200; R u th e rfo rd , 
Chadwick and E l l i s ,  1930, p . 225) and so i t  i s  e q u a l ly  p o s s ib le  
to  use aluminium o r  le a d  co n v e r to rs ,  and indeed Walker and 
McDaniel d id  use bo th . Hence th e  s c a t t e r i n g  e f f e c t  s e t s  a 
l i m i t  on th e  e f f e c t iv e  th ic k n e s s  of co n v e rto r  t h a t  can be used,
b u t /
b u t  n o t  on t h e  m a t e r i a l .  I t  m ig h t  be n o t e d  h e r e  t h a t  t h e  l o s s  
o f  ene rg y  o f  a  p a r t i c l e  i n  t r a v e r s i n g  t h e  f o i l  i s  n o r m a l ly  
t r i v i a l  compared w i t h  i t s  a p p a r e n t  l o s s  o f  e n e rg y  due t o  s c a t ­
t e r i n g ,  which c a u s e s  i m p e r f e c t  f o c u s s i n g  and a lw ays  h a s  t h e  
e f f e c t  o f  making t h e  p a r t i c l e  i n t e r s e c t  t h e  c o u n t e r  p l a n e  a t  a 
s h o r t e r  d i s t a n c e  f rom t h e  p o i n t  o f  e m is s io n  t h a n  t w i c e  i t s  
r a d i u s  o f  c u r v a t u r e  i n  t h e  f i e l d .
I t  i s  c l e a r  t h e n  t h a t  t h e  two main f a c t o r s  which c o n t r o l  
t h e  r e s o l v i n g  power o f  a  p a i r  s p e c t r o m e t e r  a r e  t h e  w id th  o f  t h e  
c o u n t e r s  and t h e  t h i c k n e s s  o f  t h e  f o i l s  u s e d .  The f o r m e r  can 
t h e o r e t i c a l l y  be im proved  by t h e  u s e  o f  s l i t s ,  w i t h  a  c o r r e s p o n d -  
: i n g  l o s s  i n  i n t e n s i t y ;  b u t  i n  p r a c t i c e  i t  i s  e x t r e m e ly  
d i f f i c u l t  t o  c o n s t r u c t  a  s l i t  t o  l i m i t  a  beam o f  e l e c t r o n s  w i t h  
an e n e rg y  o f  10 t o  20 M .E .V . ,  on a cc o u n t  o f  t h e i r  v e r y  h ig h  
p e n e t r a t i n g  power,  and so any such  i n c r e a s e  i n  r e s o l u t i o n  would 
be more l i k e l y  t o  come t h r o u g h  t h e  c o n s t r u c t i o n  o f  s m a l l e r  
c o u n t e r s .  The l i m i t a t i o n  i n  f o i l  t h i c k n e s s  seems t o  be o f  an 
a b s o l u t e  n a t u r e ,  b u t  owing t o  t h e  p r o p e r t i e s  o f  s e m i - c i r c u l a r  
f o c u s s i n g ,  a  t h i c k  f o i l  p r o d u c e s  a  b r o a d e n in g  o f  t h e  gamma-ray 
l i n e  o n l y  on t h e  low e n e rg y  s i d e ,  so t h a t  a l t h o u g h  i t  l o w e r s  t h e  
r e s o l u t i o n  o f  t h e  i n s t r u m e n t ,  i t  s t i l l  e n a b l e s  t h e  e n e rg y  o f  a  
l i n e  t o  be  a c c u r a t e l y  d e te r m in e d  from t h e  s h a r p  h i g h  ene rg y  
edge ,  and so ,  f o r  a  s i n g l e - l i n e  sp e c t ru m ,  g i v e s  good i n t e n s i t y  
w i t h o u t  much l o s s  i n  a c c u r a c y .
Only one more d e s i g n  l i m i t a t i o n  e x i s t s  f o r  t h i s  t y p e  o f
j
i n s t r u m e n t /  I
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in s tru m e n t,  and t h i s  i s  in  th e  c i r c u i t  des ign . I t  i s  w ell known 
th a t  i f  two t r a i n s  o f  random im pulses of mean rec u r re n c e  r a t e s  
p and q, and of d u ra t io n  s and t ,  a re  compared, then  th e  number 
o f  o v e r lap s  t h a t  occur in  u n i t  tim e between members o f  th e  two 
s e r i e s  i s  g iven by p .q ( s  + t ) .  Hence i f  p and q re p re s e n t  th e  
background r a t e s  in  two of t h e  co u n te rs  of th e  p a i r  sp e c tro m e te r3 
one belonging  to  each s e t ,  and i f  s and t  r e p re s e n t  th e  d u ra tio n  
of  th e  p u lse s  produced by th e  co u n te rs  and t h e i r  a s s o c ia te d  
c i r c u i t s ,  then  th e  exp ress ion  p .q ( s  t )  g iv es  th e  number of 
random co in c id en ces  o ccu rr in g  p er  u n i t  of tim e. Hence th e  
co u n te r  backgrounds must be made as small as  p o s s ib le ,  by making 
t h e i r  p h y s ic a l  s iz e  sm all,  and by p la c in g  as much ab so rb e r  ( lead )  
as p o s s ib le  between th e  source and th e  co u n te rs ;  a lso  th e  
c i r c u i t s  must produce as sh o r t  p u lse s  as p o s s ib le ,  i f  the  number 
o f  random co in c id en ces  i s  to  remain sm all in  comparison w ith  th e  
number of r e a l  co inc idences  caused by th e  p a i r s .
(e )  The Glasgow P a i r  Spectrom eter.
A photograph of th e  p a i r  sp ec tro m ete r  b u i l t  a t  Glasgow 
to g e th e r  w ith  i t s  a s s o c ia te d  c i r c u i t s  i s  shown in  F ig u re  14- 
The in s tru m en t i s  f i t t e d  w ith  te n  s e p a ra te  m in ia tu re  G.M. coun- 
: t e r s ,  A, which are  d esc r ib ed  elsew here (Rae, 195Qb), and are  
f i l l e d  to  a p re s su re  s l i g h t l y  in  excess of one atmosphere in  
o rd e r  to  p rov ide  a h igh  e f f i c ie n c y ,  to g e th e r  w ith  a s t a b le  th in  
window (20 cm. of a i r  e q u iv a le n t ) .  The co n v e rto r  i s  mounted on
a /
a  t h i n  w i re  f ram e  which i s  p i v o t e d  so t h a t  t h e  f o i l  may be 
p i  axed i n ,  o r  removed f rom ,  t h e  beam o f  gamma-rays w i t h o u t  d i s ­
t u r b i n g  t h e  vacuum. Each c o u n t e r  i s  c o n n e c te d  by a s h o r t  p i e c e  
o f  l o w - c a p a c i t y  s c r e e n e d  c a b l e  t o  a  c a th o d e  f o l l o w e r  B, which i n  
t u r n  r e l a y s  t h e  c o u n t e r  i m p u l s e s  t h r o u g h  a  l o n g  c a b l e  t o  a  p u l s e  
s h a p in g  c i r c u i t  C. T h i s  c i r c u i t  p r o d u c e s  a  p u l s e  o f  d u r a t i o n  
from 0 . 3  t o  3 m ic r o s e c o n d s  whose l e a d i n g  edge i s  c o i n c i d e n t  w i t h
F i g u r e  14.  Tpe Glasgow P a i r  S p e c t r o m e t e r .
t h e  s h a r p  r i s e  o f  th e  c o u n t e r  p u l s e ,  and f e e d s  t h i s  s h o r t  p u l s e  
i n t o  a  row o f  c o i n c i d e n c e  c i r c u i t s  i n  t h e  c o i n c i d e n c e  c i r c u i t  
a r r a y .  The c o i n c i d e n c e  c i r c u i t  o u t p u t s  a r e  c o n n e c te d  up 
d i a g o n a l l y ,  i n  such  a  way t h a t  each  o f  t h e  n i n e  f i n a l  o u t p u t s  
c o r r e s p o n d s  t o  a  d e f i n i t e  c o u n t e r  s e p a r a t i o n .  The n i n e  o u t p u t s  
f e e d /
f e e d  i n t o  n i n e  p u l s e - l e n g t h e n i n g  c i r c u i t s ,  which p ro d u ce  p u l s e s  
l o n g  enough t o  o p e r a t e  a  p o s t  o f f i c e  t e l e p h o n e  r e g i s t e r ,  and t h e  
t o t a l  number o f  p a i r s  i n  each  c h a n n e l  i s  r e c o r d e d  on t h e s e  
i n s t r u m e n t s  D. The e l e c t r i c a l  c i r c u i t s  u s e d ,  which were 
d e s i g n e d  by t h e  a u t h o r  w i t h  a  v iew  t o  o b t a i n i n g  t h e  s h o r t e s t  
r e s o l v i n g  t im e  p o s s i b l e  w i t h  v a l v e s  o f  t h e  E . F . 5 0  t y p e ,  a r e  
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Hq of mean e lec t ron in K i l o - G a u s s . c m .
F i g u r e  13* G-amma-Ray S p e c t r a  o f  T h ( B f r C + C f ! )  and N a ^  -
T h ic k  C o n v e r to rs*
Y/hen t h e  s p e c t r o m e t e r  was f i r s t  c o m p le te d ,  t h e  e l e c t r o ­
magnet was ho u sed  i n  a  s e p a r a t e  room from t h e  p a r t i c l e  a c c e l e r a ­
t o r ,  and so t h e  o n ly  s o u r c e s  o f  e n e r g e t i c  gamm Cv 1* ^ av a r  1 ab 1 e
t o  t e s t  and c a l i b r a t e  i t  were r a d i o a c t i v e  o n e s .  Hence t h e  
i n s t r u m e n t /
in s tru m en t was t e s t e d  u s ing  sources  of  Th(Bt.C+C") and Ha2^, and 
th ic k  co n v e r to rs  in  o rd e r  to  o b ta in  good s e n s i t i v i t y  a t  th e  
r e l a t i v e l y  low e n e rg ie s  of  th e  r a d ia t io n s  prov ided  by th e se  
so u rces .  The s p e c t r a  o b ta in ed  a re  shown in  F ig u re  15, and i t  
w i l l  be observed t h a t  th e  l i n e s  a re  ve ry  broad, as expected. I f  
however, a p o in t  half-w ay  up th e  h igh  energy edge o f  th e  l i n e s  
i s  taken  as s i g n i f i c a n t ,  then  t h e i r  e n e rg ie s  can be determ ined 
w ith  a r e l a t i v e  accuracy  of th e  o rd e r  of -  Also th e
d e te rm in a tio n  of th e se  two w ell known s p e c t r a  enables a c a l i b -  
: r a t i o n  to  be made of th e  f lu x  measuring arrangement of th e  
sp ec tro m ete r , though i t  w i l l  be a p p re c ia te d  th a t  on account of 
th e  r e l a t i v e l y  low energy of th e  r a d ia t io n  from th e se  so u rces , 
t h i s  d e te rm in a tio n  i s  n o t  as a c c u ra te  as would be d e s i re d .
Hote on the Korroalisation o f R esu lts obtained with the M ulti-
Channel Pair Spectrometer.
H e i t l e r  has shown t h e o r e t i c a l l y  (H e i t l e r :  Quantum theo ry  
o f  R a d ia t io n  p . 199) t h a t  f o r  gamma-rays in  th e  energy reg io n  
covered by th e  p a i r  spec trom ete r , say 3 to  20 M.E.V., th e  
energy spectrum o f  p o s i t ro n s  or e le c t ro n s  produced as p a i r s  i s  
rough ly  r e c ta n g u la r ,  provided  we ig n o re  th e  d i s t o r t i o n  caused 
by th e  Coulomb f i e l d  of th e  n u c le i  o f  th e  m a te r ia l  in  which th e  
p a i r s  a re  formed. The e f f e c t  o f  th e  Coulomb f i e l d  i s  to  r a i s e  
th e  h igh  energy end and depress  th e  low energy end o f  th e  
p o s i t ro n  spectrum, w ith  a complementary e f f e c t  on th e  e le c t ro n  
spectrum . This  e f f e c t  i s  however q u i te  n e g l ig ib le ,  even in  
le a d ,  except a t  th e  low end o f  t h e  range o f  gamma-ray en e rg ie s  
in  which we a re  i n t e r e s t e d .  These r e s u l t s  have been confirmed 
by experim ent. (D elsasso , Fowler and L a u r i ts e n ,  1937; 
A lichanov, A lichan ian  and Kosodaev, 1936)
Counters of 
Widtk U>Pcsi t to rvsElwfr&As
D istr ib u tio n  o f p a irs among counters.
Hence i f  we co n s id e r  th e  case  of p a i r s  produced by high  
energy photons f a l l i n g  norm ally  on to  a narrow element of a 
th in  f o i l  p laced  between two s e t s  of co u n te rs  in  a magnetic 
f i e l d /
f i e l d ,  as shown in  th e  diagram, then  th e  number of p o s i t ro n s  
fo cu ssed  by th e  magejntic f i e l d  in to  R l, w i l l  be th e  same as th e  
number focussed  in to  B2, R3 o r  R4, s in c e  each coun te r  of w idth  w 
r e p re s e n ts  th e  same f ix e d  momentum in t e r v a l  Hw, and so f o r  r e l a -  
: t i v i s t i c  p a r t i c l e s ,  th e  same energy i n t e r v a l .  (Provided always 
t h a t  th e  v a lu e  o f  th e  magnetic f i e l d  has been s u i t a b ly  chosen). 
S im ila r ly  th e  number o f  e le c t ro n s  fo cu ssed  in to  each of th e  
e le c t ro n  co u n te rs  w i l l  be c o n s ta n t .  Hence i f  we tak e  c o in c i­
d e n c e s  between H  and R l, and so measure th e  number of p a i r s  o f
4.
t o t a l  momentum Hd^ -  Hw e n te r in g  th e se  two co u n te rs ,  we s h a l l  
f in d  t h a t  t h i s  i s  th e  same number as e n te r  12 and R2, 13 and R3, 
o r  14 and R4* S im ila r ly  co in c id en ces  between 11 and R2, 12 and 
R3, o r  13 and R4 w i l l  re c o rd  th e  number of p a i r s  o f  t o t a l  momen- 
:tum Hdg -  Hw, and so on. In  th e  M ulti-Channel P a i r  S pec tro -  
:m eter, th e  o u tpu t o f  each p a i r  o f  co u n te rs  appears on a r e g i s -  
: t e r  co rrespond ing  to  th e  t o t a l  momentum concerned, as  shown in  
F ig u re  13> and a l l  t h a t  i s  n ec essa ry  to  norm alise  th e  r e s u l t s  f o r  
a s in g le  s e t t i n g  of th e  magnetic f i e l d  i s  to  d iv id e  th e  read in g  
of each r e g i s t e r  by th e  number o f  channels  reco rded  on i t ,  and 
so o b ta in  th e  number o f  co inc idences  p er  channel p er  momentum 
i n t e r v a l  Hw. Since th e  above argument i s  t r u e  f o r  any narrow 
element of  f o i l  p laced  between th e  s e t s  o f  c o u n te rs ,  i t  i s  
c l e a r ly  a lso  t r u e  f o r  th e  case  of a  wide f o i l .
When th e  magnetic f i e l d  i s  changed to  ano ther  v a lu e ,  say 
H-^ , then  th e  momentum in t e r v a l  i s  changed to  H^w, and i f  the  
r e s u l t s  o b ta in ed  have to  be compared w ith  th o se  f o r  th e  
s ta n d a rd /
58c.
f i e l d  H, then  a l l  th e  r e g i s t e r  re a d in g s  must be reduced to  a 
momentum i n t e r v a l  Hw by m u lt ip ly in g  by th e  f a c t o r  H/H^.
The a p p l ic a t io n  of t h i s  simple geom etr ica l n o rm a lisa t io n  
procedure has been found t o  g ive  s a t i s f a c t o r y  r e s u l t s ,  except 
in  th o se  ca ses  where r e l a t i v e l y  low energy r a d ia t io n s  have been 
in v e s t ig a te d  w ith  th e  use o f  th i c k  le ad  f o i l s  (See pp. 57 and 
58). In th e s e  ca ses  th e  p a i r s  a re  no t p ro je c te d  norm ally  to  
th e  f o i l ,  and severe  s c a t t e r i n g  in c re a s e s  t h i s  e f f e c t  (See p . 53) 
so t h a t  a  number o f  p a r t i c l e s  a re  d e f le c te d  so f a r  from th e  
p lane  of  th e  spec trom ete r  t h a t  they  a re  not reco rd ed . In  ad- 
r d i t io n ,  th e  use of a  le a d  f o i l  a t  low en e rg ie s  causes c o n s id e r­
a b l e  Coulomb d i s t o r t i o n ,  and so i t  i s  c l e a r  t h a t  f o r  such 
s p e c t r a  no ac c u ra te  measurement o f  r e l a t i v e  i n t e n s i t i e s  would 
be p o s s ib le .  In  th e  two cases  c i t e d ,  however, no qu es tio n  of 
r e l a t i v e  i n t e n s i t i e s  was r a i s e d ,  th e  i n t e r e s t  be ing  e n t i r e l y  in  
th e  energy measurement. Even so, an attem pt was made to  c o r r e c t  
e m p ir ic a l ly  f o r  th e  e f f e c t  of t h e  d e f le c t io n  of th e  p a r t i c l e s ,  
by m u lt ip ly in g  th e  r e s u l t s  by a f a c t o r  o f  th e  form (<tyi}where n 
was chosen to  g ive th e  b e s t  f i t  between s e t s  o f  r e s u l t s  ob ta ined  
w ith  d i f f e r e n t  s e t t i n g s  of th e  magnetic f i e l d ,  th e  v a r io u s  runs 
being norm alised  a t  some f ix e d  v a lu e  o f  th e  momentum. In  
p r a c t i c e  t h e  v a lu e  n = 2 was found to  y ie ld  th e  b e s t  r e s u l t s ,  
and th e  curves shown in  F igu re  15 have been c o r re c te d  u s in g  t h i s  
. v a lu e .
Undoubtedly good d e te rm in a tio n s  of r e l a t i v e  i n t e n s i t y  
could be o b ta in ed  even in  the 2 .5  to  3 M.E.V. reg io n  by th e  use 
o f /
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PART I I I .  -  ENERGY DETERMINATION AND THE CONSTRUCTION
OP ENERGY-LEVEL DIAGRAMS
As sta ted  in  the In troduction , we sh a ll  be concerned, in  
t h i s  chapter, w ith th e  use of the two instrum ents described  
in  Part I I ,  to  make determ inations o f gamma-ray en erg ies , and 
to  use th e  inform ation obtained, e ith e r  to  construct new 
en erg y -lev e l schemes fo r  th e  n u c le i concerned, or e l s e  to  
v e r ify  or augment e x is t in g  schemes. Two examples w i l l  be 
stu d ied , th e  f i r s t  being the rad ioao tive  decay of 
Praseodymium-142, which was known to  emit a hard gamma-ray o f  
energy somewhere between 1 .5  and 2 .1  M.E.V., and the second 
being the rad ia tion  em itted by P luorine-19  when subjected  to  
bombardment by protons. In th e case o f  P r ^ 2, which was 
examined by means o f the sem i-c ircu la r  spectrom eter, using  
th e  Siegbahn techn ique, the spectrom eter was a lso  used to  
examine the b eta-ray  spectrum, fo r  which purpose i t  i s  
eq u ally  w ell su ite d , and an a n a ly sis  o f th e beta-ray spectrum, 
to g eth er  w ith th at o f  th e  gamma-rays, enables a complete 
p ro v isio n a l scheme to  be constructed  fo r  th e  ra d io a ctiv e  decay 
of Pr1^2 . In the case o f  P1^, th e  proton capture rad ia tion  
has been d etected , and i t s  energy and in te n s ity  measured, 
thereby confirm ing the work o f Devons and Hereward (1948), 
which was carried  out using Baldwin and Koch*s (1945) ap­
p l i c a t io n  of th e  nuclear photo—e f f e c t .  In ad d ition , th e  
energy/
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energy measurement su ggests th a t the tr a n s it io n  fo llo w in g  
proton capture i s  not to  the ground s ta te  o f Ne20.
I I I . l .  Praseodymium-142.
(a) Previous Work.
This iso to p e , which i s  a beta-ray em itter , has been
examined by a number of authors who have published rather
con trad ictory  r e s u lt s  concerning the nature o f i t s  ra d ia tio n s .
De Wire, Pool and Kurbatov in  1942 examined the beta-ray
spectrum in  a sem i-c ircu la r  spectrom eter o f  16 cm rad iu s, and
found i t  to  be sim ple and to  have an end-point at 2.14 £ 0 .02
M.E.V. They a lso  reported the presence of a very weak hard
gamma-ray, whose energy they  estim ated as 1 .9  M.E.V. by absor-
T
:p tion  in  lea d . Co,ok, S h r e ffle r  and Fowler in  1943 examined 
the s o f t  end o f the beta-ray spectrum with a permanent-magnet 
spectrom eter, using a photographic p la te  and very long  
exposures, and were able to  d etect in tern a l conversion l in e s  
due to  gamma-rays o f en erg ies 134* 329* 490 and 624 K.E.V.
They a lso  reported th e  presence o f a hard ray, whose energy 
they  estim ated as 2 .1  M.E.V., a lso  by lead  absorption. Mande- 
s v i l l e ,  in  1949, using the absorption technique, examined th e  
beta-ray  spectrum in  coincidence with the gamma-rays and found 
th a t i t  was complex, having a s o f t  component with an end-point 
at 0 .212 M.E.V., the main beta-ray spectrum ending at 2.22  
M .E.V./
M.E.V. He a lso  gave the hard gamma-ray energy as 1 .74  M.E.V., 
as measured by coincidence absorption, and reported th e  presence  
o f some s o f t  gamma—ra d ia tio n , and some gamma—gamma co in c id en ces. 
Jurney, in  1949* repeated M andeville’ s experiments but gave end­
p o in ts  o f 0 .35  and 2*52 M.E.V. fo r  the beta-ray sp ectra , and an 
energy o f 1 .53  M.E.V. fo r  th e  hard gamma-ray, t h is  having been 
obtained by coincidence absorption of Compton r e c o i l  e le c tro n s . 
Jurney a lso  made a q u a n tita tiv e  study of the gamma-gamma co in -  
scidences produced by the source, and came to  the conclusion  
th a t th e ir  numbers were a fa c to r  of ten too low to  be due to  a 
sim ple cascade p rocess, o f a s o ft  and a hard gamma-ray being  
em itted a f te r  each s o f t  b eta -ray .
(b) The Beta-Ray Spectrum.
I t  w i l l  be c le a r  that in  la t e  1949, the inform ation
obtainab le from th e  l i t e r a tu r e  concerning the ra d ia tio n s o f
Pr1 *^2 was, to  say the l e a s t ,  confusing, and none of th e  authors
quoted had attempted to  assign  a le v e l  scheme to the decay
142p ro cess . I t  was th erefore  decided, s in ce  samples o f Pr * which 
had been irra d ia ted  in  the low Energy P ile  at Harwell were a v a il-  
sab le , th a t i t  would be worth while to  re-examine i t s  ra d ia tio n s  
and attempt to  d ev ise  a le v e l  scheme. A very th in  source o f th e  
M aterial (Pr20^) was th erefore  made, by smearing a l i t t l e  o f th e  
f in e  b lack powder on a p iece  o f paper, and mounting t h is  on th e  
aluminium f o i l  source mount in  the sem i-c ircu lar  spectrom eter.
The spectrom eter was se t  fo r  a re so lv in g  power o f  50 and a f i r s t  




copper f o i l  o f  mass 10 mg/cm , in d ica ted  a sim ple spectrum of  
th e  type found "by De Wire et a l . ;  la t e r  runs, however, taken 
w ith p ro g ress iv e ly  th inner windows, showed a marked r is e  at 
lower energies, which was heightened when a s in g le  oounter was 
used as d etector  thus cu ttin g  lo s s e s  due to  sc a tter in g  in  the  
window. When every care had been taken, a window of mica, o f  
mass 1 mg/cm being used w ith a s in g le  oounter, the spectrum
10,00080004000
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Figure 16. 1 The Beta-Rav Spectrum of
shown in  Figure 16 was obtained. I t  w i l l  be observed th a t the  
s o f t  and hard components o f th e  beta-ray  spectrum appear to  
have end-points in  th e  region  of 0 .7  and 2 .2  M.E.V. r e sp e c t iv e ly .  
I t  w i l l  a lso  be observed that there i s  a very weak peak v i s i b le  
to  the l e f t  o f th e  maximum of th e  s o ft  component. This can be 
a ssig n ed /
assigned  to  the in tern a l conversion o f a gamma-ray of energy 
135 -5  K.E.V. A Ferm i-Plot of th e  beta-ray  spectrum was con­
s t r u c t e d  and i s  shown in  Figure 17* This confirmed the rough 
estim ate o f th e  end p o in ts of th e  b eta-ray  sp ectra , g iv in g  them 
as 0.66 -  0 .0 2 , and 2 .23 -  0 .04  M.E.V. One more p iece  o f  
inform ation can be obtained from th e  beta-ray spectrum, and that  
i s  an estim ate o f the r e la t iv e  numbers o f the s o ft  and hard 
e le c tr o n s . Since the source and the counter window are both  
th in , and sin ce  a lso  the Ferm i-Plot g iv e s  two s tra ig h t l in e s ,  i t  
seems reasonable to  assume that Figure 16 i s  a good representation
i
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Figure 17. Ferm i-Plot o f th e  Beta-Rav Spectrum.
o f th e true shape o f the b eta-ray  spectrum, and hence, i f  the  
spectrum of th e hard b eta -rays, as pred icted  by Fermi, i s  
produced/
produced back, the d ifferen ce  between t h is  curve and the t o t a l ,  
g iv e s  a measure o f the number o f s o ft  p a r t ic le s  p resen t. Such 
an a n a ly s is  in d ic a te s  that th e  hard b eta-rays outnumber the s o ft  
by a fa c to r  o f about four to  one.
(c) The G-amma-Ray Spectrum.






Figure 18. Momentum Spectrum of E lectrons e jec ted  by the Gamma- 
Rays of P r ^  from a th ick -w a lled  copper cy lin d er covered with a
th in  lea d  f o i l .
the gamma-ray spectrum was examined using the Siegbahn Technique. 
As much as p o ss ib le  of th e source m ateria l was placed in s id e  a 
hollow , th ick -w a lled  copper cy lin d er which was covered w ith a 
th in /
th in  (0 , 0015”) lead  f o i l ,  and placed at the focu s o f the  
spectrom eter. The spectrogram o f  th e  secondary e lec tro n s  
e jec ted  from the copper and lea d , i s  shown in  Figure 18, and i t  
w il l  he seen th at most o f th ese  p a r t ic le s  are derived from a 
hard gamma-ray l in e  o f energy 1 .5 9  ± 0 .04  M.E.V., the  
K-conversion peak o f t h i s  l in e  in  the lead  f o i l  being p la in ly  
v i s i b l e .  There i s  a lso  the suggestion  o f th e  presence o f a 
very weak s o f t  ra d ia tio n  o f energy about 140 K .E .V ., which i s  
doubtless id e n t ic a l w ith that causing the in tern a l conversion  
peak in  the beta-ray  spectrum.
(d) The Decay Scheme.
An examination o f th ese  r e s u lt s  lea d s to  a s e lf - c o n s is te n t  
scheme fo r  the beta-decay o f Pr*^^, fo r  th e  sum o f  th e en erg ies  
o f  the s o f t  beta-ray  spectrum and the hard gamma-ray l in e  i s  
equal to  2 .25 -  0 .06 M.E.V. which i s  id e n t ic a l  with the maximum 
energy o f  th e  hard b eta-ray  spectrum. Furthermore th ese  va lu es  
are not in  r e a l con trad iction  w ith th ose  obtained by the e a r lie r  
authors, fo r  none of them had measured the gamma-ray energy with  
a comparable accuracy, and the end-point obtained fo r  the hard 
b eta-ray spectrum i s  in  good agreement with that obtained by 
Pool et a l . ,  who made the most accurate determ ination. As 
regards the s o f t  beta-ray  spectrum, Pool did not observe t h is  
because o f th e  th ick n ess o f  h is  counter windows, and M andeville 
and Jurney were using a method which, though very powerful in  
demonstrating the ex isten ce  o f a complex spectrum, i s  q u ite  
u n su ited / '
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unsuited  to  determining en d -p oin ts. This fa c t  i s  c lea r  i f  we 
look at the experim ental p o in ts from which Jurney derived h is  
end-point o f 0 .35  M.E.V., as shown in  Figure 19. I t  w il l  be 
observed that a curve could e a s i ly  be drawn through th ese  p o in ts  
which would g iv e  an end-point considerably in  excess o f  the  
present author*s va lu e  o f 0 .66 M.E.V. This d i f f i c u l t y  in
0 5  r
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F ig u re*19. Beta-gamma coincidence absorption curve
fo r  Pr ^  (Jurney).
determ ining the end-points o f complex beta-ray spectra  by th e  
method o f beta-gamma co incidences w i l l  only be overcome when 
a spectrom eter method i s  used in  p lace o f the absorption method 
to  determine the sp ectra . This however requ ires the development 
o f a spectrom eter o f very large  s o lid  angle, and a scheme to  
p ro v id e/
67.
provide such an instrument i s  put forward in  Appendix I of t h is  
t h e s i s .  To return , however, to  the question  o f  th e  end-point 
o f the s o f t  component o f  th e  beta-ray spectrum o f  P r^ ^ , i t  i s  
c le a r  th at the va lu e o f 0 .66 M.E.V. i s  not r e a l ly  in  contra­
d ic t io n  with the observations o f M andeville and Jurney, and 
probably rep resen ts a good estim ate o f  th e  tru e v a lu e .
The question  o f the s o f t  gamma-rays i s  a lso  capable o f a 
s a t is fa c to r y  so lu t io n , because the one l in e  observed by the  
present author agrees w ell in  energy with the s o f te s t  o f  those  
observed by CojzJk e t a l .  Furthermore th e energies o f  the four  
l in e s  observed by those authors add up to  the va lue o f 1 . 58 
M.E.V. which i s  in  e x c e lle n t  agreement with the energy o f th e  
hard l in e .  Hence i t  i s  reasonable to  suppose that th ese  s o f t  
ra d ia tio n s  are due to  an a lte r n a tiv e  cascade tr a n s it io n  to  the  
ground s ta te  o f  Nd"1^ ,  from the s ta te  at 1 .5 9  M.E.V. The fa c t  
th at the conversion peaks of the harder l in e s  were in v is ib le  in  
t h is  in sta n ce , i s  e a s i ly  ex p lica b le  in  terms of th e ir  reduced 
conversion c o e f f ic ie n t s  because of th e ir  higher en erg ies . An 
estim ate o f th e  maximum p o ss ib le  in te n s ity  o f the 155 K.E.V. 
l in e  can be made from a comparison of the area under the  
in te rn a l conversion peak w ith that under the complete beta-ray  
spectrum. Such a comparison lead s to  the conclusion  th at even 
i f  the 135 K.E.V. l in e  i s  o f e le c t r ic  d ipo le o r ig in , (.which 
g iv e s  th e  sm allest in tern a l conversion c o e f f ic ie n t ) ,  i t s  
in te n s ity  cannot exceed 20% o f th a t o f  th e  hard gamma-ray. The
p resen ce/
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presence of th ese  four so ft  gamma—rays in  cascade would account 
fo r  the sm all number of gamma-gamma co incidences reported by 
M andeville and Jurney, and so i t  would seem that a decay scheme 
o f the type shown in  Figure 20 i s  in  good agreement with a l l  
the inform ation a v a ila b le  about the ra d ia tio n s of Pr*^^. The 
tr a n s it io n s  a c tu a lly  observed are in d ica ted  by f u l l  l in e s ,  and 
dotted  l in e s  have a lso  been added to  show the p o ss ib le  subsidiary  




Figure 20. Energy le v e l  Diagram fo r  th e beta-decay o f Pr^^»
The above account serves as a good example o f the way in
which a few accurate measurements with a magnetic spectrom eter
can enable one to  s i f t  out the a v a ila b le  inform ation and 
o o n stru c t/
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construct an energy le v e l  scheme fo r  the rea c tio n , which f i t s  
a l l  the inform ation which i s  l ik e ly  to  be r e l ia b le .  Since Pr14"2 
was only one ra d io a ctiv e  iso to p e  chosen more or l e s s  at random, 
i t  i s  c le a r  that there i s  a great deal o f work to  be done in  
t h is  way, in  con stru ctin g  le v e l  schemes fo r  the many a r t i f i c i a l  
ra d io a ctiv e  iso to p es  now a v a ila b le . S ince, however, as d iscu s-  
:sed e a r lie r ,  more inform ation o f a fundamental kind i s  l ik e ly  
to  be obtained from the s e tt in g  up o f accurate en ergy-level 
diagrams fo r  the l ig h t  elem ents, the remainder o f t h is  chapter  
i s  devoted to  an examination o f  th e gamma-ray spectrum o f F*^.
A short account o f th e  above work on Pr14,2 has re ce n tly  been 
accepted fo r  p u b lica tion  (Rae, 1950a).
I l l *2. F lu orin e-19 .
(a) Previous Work.
19When f lu o r in e , F being the only s ta b le  iso to p e , i s  
bombarded w ith protons, i t  i s  w ell known (Homyak and L auritsen ,
194-8) that i t  can capture a proton and form an in term ediate
20nucleus o f ex c ited  Ne • This normally d e -e x c ite s  by the  
em ission of an a lp h a -p a r tic le , g iv in g  a nucleus o f 0 ^  which 
may be ex c ite d . The la t t e r  reaches i t s  ground s ta te  e ith e r  by 
th e  em ission o f a gamma-ray, or* in  th e case of cer ta in  va lu es  
of the energy o f th e  bombarding protons, by the em ission o f a 
p ositron —electro n  p a ir . This reaction  has been subjected  to  
the most ca refu l study, both by measurements on the energy o f  
t h e /
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the gamma-rays, and a lso  by accurate measurements o f the energy
o f the groups o f a lp h a -p a r tic le s  em itted, but up t i l l  very
onre ce n tly  i t  was not known whether th e He could d e -ex c ite
i t s e l f  by d ire c t  gamma-ray em ission, and go to  i t s  own ground 
20s ta te ,  He being a s ta b le  nucleus. Indeed, McDaniel and
Walker (1948), who made the b est recent study o f th e  gamma-ray
spectrum o f th e  rea ctio n  w ith th e ir  p a ir  spectrom eter, looked
s p e c i f ic a l ly  fo r  the 13*4 M.E.V. rad ia tion  which would be
expected from such a gamma-ray tr a n s it io n  to  th e  ground s ta te ,
and sta ted  that i f  such rad ia tion  e x is t s ,  i t  represents l e s s
than 0 .3$  o f the in te n s ity  o f  th e  6 M.E.V. ra d ia tio n , w ith a
pro ton  bombarding energy o f  1 .15  M.E.V.
Devons and Hereward (1948), however, used the photo-nuclear  
6*5e f fe c t  on Cu  ^ to  show that fo r  high enough en erg ies o f the  
bombarding protons, some gamma^radiation o f energy greater than 
11 M.E.V. was em itted by the f lu o r in e . By measuring the  
strength  o f th e  a c t iv i t y  induced in  the copper, they were able  
to  draw an e x c ita tio n  curve fo r  th e  em ission o f th e  capture 
gamma-rays, fo r  a th ick  ta r g e t . This they  showed to  have a 
steep  r i s e  which corresponded with the w ell known resonance fo r  
th e  em ission o f gamma-rays, at a proton bombarding energy of  
660 K.E.V. Beyond the resonance, the a c t iv i ty  in  the copper 
continued to  in crea se  slow ly  with in creasin g  proton energy, 
thus suggesting  a sm all p ro b a b ility  o f  proton capture at 
en erg ies above the resonance, or e ls e  a d ir ty  ta r g e t .
(b) The Gamma-Ray Spectrum/
71
(b) The G-amma-Ray Spectrum,
In view  o f th ese  rather contrad ictory  r e s u lt s ,  an attempt 
was made to  f in d  and id e n t ify  th e  proton capture ra d ia tio n , 
w ith th e  aid  o f th e  p a ir  spectrom eter. A th in  ta rg et o f  
calcium flu o r id e  was prepared by evaporation on to  a brass 
p la te . An e x o ita tio n  curve was taken at the gamma-ray reson- 
:ance fo r  a proton energy o f 340 K .E.V., and the width at h a lf  
maximum of the curve obtained, was about 50 K.E.V. With th e  





Figure 21. Experimental Arrangement.
spectrum was taken o f the rad ia tion  from the ta r g e t . A diagram 
o f the experim ental arrangement i s  shown in  Figure 21, and the  
gamma-ray/
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gamma-ray spectrum obtained i s  g iven  in  Figure 22. I t  w il l  
be observed that there i s  a large  peak due to  the 6 M.E.V.
3 0 0 -
o






Please note: this figure and No23 represent ■ 
the results at the later work mentioned in 
the foot- note. For this work the spectro­
m eter was calibrated with the l76MdV 
radiation from the Li7(p,y) reaction, and 
energy measurements quoted are based 
on this calibration. '
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Figure 22. Spectrum o f the G-amma-Radiation from F ^  p;
340 K.E.V. Resonance.
ra d ia tio n  w ith a sm all shoulder due to  the 7 M.E.V. rays, but 
above th is  energy no s ig n if ic a n t  number o f counts i s  recorded
12-0 MeV.6-1 MeV.
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19Figure 23. Spectrum of the G-amma-Radiation from F J + p ;
660 K.E.V. Resonance.
Ihe proton bombarding energy was then increased  to  660/
7 3 .
660 K.E.V. and th e  experiment re p e a te d ,  th e  spectrum ob ta ined  
being  shown in  F igure  23* I t  w i l l  be seen t h a t  in  t h i s  case 
th e  7 M.E.V. shou lder has in c re a se d  co n s id e rab ly  in  s iz e ,  and 
t h a t  now a small peak i s  v i s i b l e  due to  some r a d ia t io n  of 
energy 12 M.E.V. This i s  v e ry  i n t e r e s t i n g  in  view of the f a c t
t h a t  th e  c a p tu re  r a d ia t io n  was expected to  have an energy of
2013-4 M.E.V., and sugges ts  t h a t  th e  Ne nuc leus  does not 
become d e -e x c i te d  th rough  a t r a n s i t i o n  to  th e  ground s t a t e ,
All energies in MeV
Ne
F ig u re  24. Energy Level Diagram of + p.
bu t th rough  a t r a n s i t i o n  to  a s t a t e  o f  energy about 1 . 4  M.E.V. 
above th e  ground s t a t e ,  as shown in  F ig u re  24. Such a s t a t e  
has a l re a d y  been d e te c te d  (Curran and S t ro th e r s ,  1940; Powell, 
May, Chadwick and Pickavance, 1940) as a r e s u l t  o f  o th e r  
ex p e rim en ts /
74.
experim ents, and t h is  p o stu la te  seems reasonable.
(o) D iscussion .
I t  was intended to  study t h is  tr a n s it io n  fu rth er and to  
v e r ify  the energy measurements with great care, but t h is  has 
proved im possib le owing to  tech n ica l trou b le  with the high  
ten sio n  generator which has rendered i t s  operation at p o ten tia ls  
in  excess o f 500 K.E.V. very hazardous, and u n t i l  cer ta in  
m od ifica tion s have been ca rr ied  out i t  w il l  not be p o ss ib le  to  
repeat any o f th is  work. Eor t h is  reason, the above r e s u lt s  
are put forward with some re ser v e ,*  though even i f  th e  energy 
measurements have not been confirmed, i t  can c e r ta in ly  be 
sta ted  that proton capture rad ia tion  was found, having an
t
in te n s ity  o f the order o f 2$ o f th a t o f the 6 M.E.V. ra d ia tio n , 
a f ig u r e  which i s  in  good agreement w ith the va lu e determined 
by Devons and Hereward, o f  2 .2  -  0 .8 $ . I t  should a lso  be noted  
that t h is  value i s  not in  con trad iction  w ith the f in d in g s  of  
Walker and McDaniel, s in ce  th e ir  value o f l e s s  than 0 .3 $  o f  the  
in te n s ity  o f the 6 M.E.V. rad ia tion  was determined fo r  a proton  
bombarding energy o f 1 .15  M.E.V. With t h is  bombarding energy 
and a th ick  ta r g e t , the in te n s ity  o f  the 6 M.E.V. rad ia tion  
would/
*  The experiment described has recen tly  been repeated w ith  
great care and the energy o f  the capture rad ia tion  determined 
as 1 2 .0  -  0 .2  M.E.V., thus com pletely v e r ify in g  th e  ear ly  
measurement•
* S<*. f t  S8W  *  SSOO
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would be greater by a fa c to r  o f 15 than i t  would be fo r  a 
bombarding energy o f 660 K.E.V. (Bonner and Evans, 1948), w hile  
the in te n s ity  o f the capture rad ia tion  i s  known to  in crease  
very l i t t l e  when the bombarding energy i s  increased  from 700 to  
960 K.E.V* (Devons and Hereward). For bombarding en ergies  
between 0 .96 and 1 .15  M.E.V. there are only two weak gamma—ray 
resonances which could contribute only about 1$ to  th e  t o t a l  
output o f gamma-rays (Bonner and Evans, 1948), and so i t  i s  
c le a r  that u n less  th e se  two resonances were to produce nothing  
but the capture ra d ia tio n , i t  i s  u n lik e ly  that the in te n s ity  o f  
the capture ra d ia tio n , fo r  a bombarding energy o f 1 .15  M.E.V., 
would exceed the f ig u r e  o f 0 .3$  given by Walker and McDaniel.
In considering the advantages o f  th e  p a ir  spectrom eter 
over other methods o f measuring the energy and in te n s ity  o f very  
hard gamma-rays, i t  i s  in te r e s t in g  to  note that in  each o f the  
sp ectra  shown, the t o t a l  counting time was l e s s  than an hour, 
and yet i t  was p o ss ib le  to  detect and measure th e energy and 
in te n s ity  o f the very weak proton capture ra d ia tio n , whose 
in te n s ity  was only 2$ o f  that o f  th e  main gamma-ray spectrum. A 
considerable programme o f work i s  in  hand fo r  t h i s  instrum ent, 
in clu d in g  in v e s t ig a t io n s  of the gamma-rays em itted by L i' and 
C1? under proton bombardment. A fter the com pletion o f th is  work 
i t  w i l l  probably be used fo r  the study o f  th e  gamma-rays em itted  
by most o f the l ig h t  elem ents under bombardment by deuterons.
PART IV. -  DETERMINATION OF ENERGY AND MULTIPOLE ORDER.
THE COMPLETE SOLUTION
IV .1. T h eoretica l Background.
(a) General.
According to  modern Quantum Theory, the sp ectroscop ic  
p ro p erties o f the sta tio n a ry  s ta te s  o f a nucleus can he defined  
in  terms o f th ree  coordinates: energy above the ground s ta te ,
t o ta l  angular momentum (or sp in ), and p a r ity . This la t t e r  
quantity  depends on the symmetry p rop erties o f the wave-function  
o f the nucleus: i t  i s  two—valued, and may be e ith e r  odd or even.
In the la s t  chapter, experiments were described which le d  to the  
determ ination o f the en erg ies o f some nuclear le v e ls  (or  
sta tio n a ry  s t a t e s ) ,  and to  the con stru ction  o f diagrams i l l u s t ­
r a t in g  th ese  l e v e ls  and th e  tr a n s it io n s  th at occur between them. 
For a complete s p e c if ic a t io n  of the s ta te s  described , however, 
i t  would be necessary to  ascrib e  a spin and p a rity  value to  each 
l e v e l ,  which would then determine the "M ultipole Order" o f the  
tr a n s it io n s  occurring. While such a complete s p e c if ic a t io n  o f  
the energy le v e ls  o f  a nucleus has not y et been obtained, i t  i s  
c le a r  th a t th is  knowledge i s  d esira b le  as a b a s is  on which to  
b u ild  a general theory o f nuclear stru ctu re . The need fo r  such 
inform ation i s  s tre ssed  in  the present uncerta in ty  concerning  
the s e le c t io n  r u le s  fo r  beta-decay (Fermi and Gamow-Teller 
se le c t io n  r u le s )  where a thorough knowledge o f the nuclear  
l e v e l s /
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le v e ls  involved  in  a few actu a l cases o f beta—decay might enable 
a d ec is io n  to  be made as to  th e  r e la t iv e  m erits o f the two s e ts  
o f r u le s .
Now inform ation concerning the spin  and p a rity  o f nuclear  
le v e ls  can be obtained from transm utation experiments by 
measurements made on the widths o f resonance curves, and on the  
angular d is tr ib u tio n  o f the em itted p a r t ic le s  and ra d ia tio n . 
Information obtained in  t h i s  way has, however, been very lim ited ,  
and the in terp re ta tio n  o f the experim ental r e s u lt s  very d i f f ic u l t  
(Fowler, la u r itse n , and L auritsen, 1948; 33evons and Hine, 1948) 
Hence i t  fo llo w s  that the methods o f determ ining spin and p a r ity , 
based on the determ ination o f the m ultipole order o f ra d ia tiv e  
t r a n s it io n s , are very im portant. By t h is  i s  meant determ ination  
o f the m ultipole order o f the tr a n s it io n s , through observations  
made on the in te r n a l conversion e lec tro n s and in te r n a lly  created  
p a irs  em itted by the ra d ia tin g  n u c le i. Since a considerable  
body o f experim ental r e s u lt s  has been b u ilt  up by the use o f  
t h is  method in  the study o f gamma-radiation ex c ited  by ra d io -  
sa c tiv e  decay, and sin ce  i t  i s  in  t h i s  type o f in v e s t ig a t io n  that  
a magnetic spectrom eter can be used to  obtain inform ation about 
the spin  and p a r ity  o f  nuclear le v e l s ,  l e t  us consider b r ie f ly  
the use o f the in tern a l conversion and in tern a l p a ir  creation  
e f f e c t s  in  the determ ination o f m ultip ole  order.
(b) In tern a l Conversion.
Before d iscu ssin g  the in te rn a l conversion mechanism, l e t
u s /
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us consider fo r  a moment the exact connection between m ultipole  
order, and the spin and p a r ity  o f the two s ta te s  in volved . 
Suppose we have a tr a n s it io n  between two s ta te s  o f angular 
momentum J and J f , where th ese  q u a n tit ie s  are both v ec to r s , then 
the angular momentum carried  away by the rad ia tion  w il l  tend to  
be the low est value o f J -  J 1 allowed by the p a r it ie s  o f the two 
s ta te s  involved* I f  we w rite j = |tT |- lJ ,l> then the low est 
allowed m u ltip o les , fo r  a given  p a rity  change, are given in  the  
fo llo w in g  ta b le  which i s  taken from Gamow and C r itch fie ld  (1949)
p .190.
PARITY CHARGE MINIMUM A110WED MU1TIP01E
Yes
fo r  j even fo r  j odd
E le c tr ic  2*3*1-p o le  
Magnetic 2**-pole
E le c tr ic  2^-pole  
Magnetic 2 ^ ^ -p o le
Ho E le c tr ic  2^-pole  
Magnetic 2 ^ ^ -p o le
E le c tr ic  2 ^ 1-p o le  
Magnetic 2**-pole
I f ,  in  th e  above ta b le , we w rite m fo r  the index o f the  
power of 2, then fo r  rad ia tion  to  occur, m must have at le a s t  
the va lu e 1, which corresponds to  the em ission o f d ip o le  
ra d ia tio n .
To return , however, to th e  problem o f in te r n a l conversion , 
t h is  i s  sa id  to  happen when the energy of th e  tr a n s it io n ,  
in stea d  o f appearing as ra d ia tio n , i s  concentrated on one o f  
the ex tra -n u clear e lec tro n s o f the atom, which i s  then em itted  
from /
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from th e  atom w ith  an energy equal to  hv-Eg, hv-E^-j. e t c .  where 
hv i s  th e  energy of th e  t r a n s i t i o n ,  and E i s  th e  b ind ing  energy 
of th e  atomic e le c t ro n ,  th e  s u f f ix  in d ic a t in g  th e  atomic s h e l l  
in v o lv ed . The I n te r n a l  Conversion C o e f f ic ie n t  ( i .C .C . )  f o r  the  
E - s h e l l ,  <*£., i s  then defined  as being  th e  r a t i o  of th e  
p r o b a b i l i ty  of  th e  emission of a K -e lec tro n  to  th e  t o t a l  
p r o b a b i l i ty  of  occurrence o f  th e  t r a n s i t i o n  concerned. The
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F ig u re  29. T h e o re t ic a l  Values of«fc.
F ig u re  25, which i s  taJien from Gamow and C r i t c h f i e ld  (1949) 
p . 182, i l l u s t r a t e s  the  t h e o r e t i c a l  v a lu es  of °(g p l o t t e d  a g a in s t  
mc2/h v ,  where hv, as b e fo re ,  i s  th e  energy of th e  t r a n s i t i o n ,  
and /
t o t a l  I .C .C . , i s  th u s  defined  as th e  sum o f ^ ,
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p
and me i s  the r e s t  energy o f an e lec tro n . I t  w i l l  be 
observed that four curves are g iven , corresponding to  the cases  
of e le c t r ic  and magnetic d ip o le  and quadrupole ra d ia tio n , 
converted in  the K -sh ell of an atom o f number Z = 83. The 
c a lc u la tio n s  i l lu s t r a te d  in  the diagram were carried  out by 
Hulme (1932), Taylor and Mott (1932) and F isk  and Taylor (1934). 
I t  w i l l  be observed th a t the c o e f f ic ie n t s  in crease  with  
dim inishing tr a n s it io n  energy, and with the m ultipole order o f  
the tr a n s it io n , being higher fo r  th e  magnetic tr a n s it io n s  
(which are l e s s  probable) than fo r  the e l e c t r ic .  A fu rth er  
fea tu re  o f the c o e f f ic ie n t s ,  which i s  not i l lu s t r a t e s  in  the  
diagram, i s  that they dim inish rap id ly  with dim inishing Z. This 
fa c t  i s  brought out in  the e x p l ic i t  expressions fo r  the 
c o e f f ic ie n t s  in  the l ig h te r  elem ents (Z^30) obtained by la n c o ff  
and Morrison (1939), where the c o e f f ic ie n t s  are shown to  be 
proportional to  Z •
The various methods o f determ ining the I.C .C . experimen­
t a l l y  are d iscu ssed  in  the comprehensive paper by Helmholz 
(1941)* E l l i s  and Aston (1930) o r ig in a lly  determined the  
c o e f f ic ie n t  fo r  a number o f gamma-rays from Ra£ and RaC by 
comparing, in  a magnetic spectrom eter, the in te n s ity  o f in te rn a l  
conversion e lec tro n s with that o f p h oto -e lectron s e jec ted  by 
the corresponding quanta. This method su ffe r s  from the  
disadvantage that i t  in v o lv es  th e  knowledge o f the photo­
e le c t r ic  cross sec tio n  of the converting m ateria l, and a lso  the  
sc a tter in g  occurring in  the convertor, and cannot be expected  
t o /
to  y ie ld  accurate r e s u lt s .  Another method (used by Helmholz) 
i s  to measure the r a t io  o f to  by observing the r a t io  o f  
the in t e n s i t i e s  o f the in te r n a l conversion e le c tr o n s . This 
method overcomes the d i f f ic u l t y  o f using a convertor, but 
su ffe r s  from the lim ita tio n  that the L-conversion c o e f f ic ie n t  
i s  l ik e ly  to  be sm all, and so th e background in te n s ity  i s  
troublesom e. The b est method, used by Flammersfeld (1939) i s  
to  measure the I.C .C . d ir e c t ly , by measuring the r a t io  o f the  
number o f conversion e lec tro n s to  the number o f d is in te g ra tio n  
e lec tro n s in  a spectrom eter equipped with a G-.M. counter. The 
d if f ic u l t y  here i s  th at t h is  method i s  only ap p licab le  to  b eta -  
ray or p ositron  em itters , and can only be applied  su c c e ss fu lly  
where the decay i s  sim ple, or w ell known. I t  i s  c lea r  from the  
above d iscu ss io n , that considerable a tten tio n  has been d irected  
towards the determ ination o f the m ultipole order of tr a n s it io n s  
by the study o f the I .C .C. ,  and the m ultipole order o f a 
number o f tr a n s it io n s  in  elem ents in  the upper h a lf  o f the  
p eriod ic  ta b le  has been found in  t h is  way. U nfortunately the  
method cannot be applied  to  tr a n s it io n s  in  the l ig h t  elem ents, 
s in ce  the Z v a r ia tio n  o f th e  c o e f f ic ie n t s  makes them a l l  
van ish in g ly  sm all in  t h is  ca se , e s p e c ia lly  s in ce , in  the l ig h t  
n u c le i, the tr a n s it io n s  observed are u su a lly  very en erg etic .
I t  i s  in  t h is  in stan ce that the study o f the in te rn a l pair  
oreation  e f f e c t  becomes very in te r e s t in g .
(c ) In tern a l Pair C rea tio n ./
(c) I n t e r n a l  P a i r  Creation#
The f i r s t  exact c a lc u la t io n  of th e  t h e o r e t i c a l  magnitude
of t h i s  e f f e c t  and i t s  v a r i a t i o n  w ith  energy and atomic number,
was c a r r i e d  out as long ago as 1935> by Ja e g e r  and Hulme.
5
These au th o rs  p u b lish ed  curved showing th e  v a lu e s  of th e  
I n te r n a l  P a i r  C rea tion  C o e f f ic ie n t  ( i .P .C .C .)  f o r  Z=0 and Z=84> 
and f o r  e l e c t r i c  d ip o le  and quadrupole t r a n s i t i o n s ,  in  th e  
energy range 1 to  3 M.E.Y. The curves a re  shown in  P igu re  26, 
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F ig u re  26. T h e o re t ic a l  Yalues of  th e  I .P .C .C .
show a r i s e  w ith  in c re a s in g  gamma-ray energy, and a lso  e x h ib i t  
v e ry  l i t t l e  dependence on th e  atomic number. At th e  tim e when 
th e se  t h e o r e t i c a l  p r e d ic t io n s  were made, A lichanov, A lichan ian
and /
8 3 .
and Kosodaev were i n t e r e s t e d  in  t h i s  e f f e c t ,  and in  1936 th e y  
p u b lish ed  the  r e s u l t s  o f  t h e i r  s tudy  o f  th e  i n t e r n a l  p a i r  
c r e a t io n  in  ThB and Radon in  e q u il ib r iu m  w ith  t h e i r  decay 
p ro d u c ts .  They c a r r i e d  out t h i s  study by observ ing  th e  
p o s i t ro n s  em itted  by each of th e  two sources  mentioned, in  a 
s e m i- c i r c u la r  fo c u ss in g  spec trom ete r  o f  10 cm r a d iu s ,  and th ey  
found th e  shape of th e  spectrum of th e  p o s i t ro n s  to  ag ree  w ell 
w ith  t h a t  p re d ic te d  by Ja eg e r  and Hulme. The main d i f f i c u l t y  
in  th e  experiment was th e  d e te c t io n  o f  th e  sm all numbers o f  
p o s i t ro n s  a g a in s t  th e  s tro n g  background caused in  th e  co u n te r  
by th e  gamma-rays from th e  sou rce . The au th o rs  overcame t h i s  
d i f f i c u l t y  by th e  use of two co u n te rs  in  co in c id en ce , and were 
th u s  ab le  to  reduce th e  background to  a workable l e v e l .  Using 
sources  having a s t r e n g th  o f  th e  o rd e r  of 1 mC, th e  a u th o rs  
observed th e  p o s i t ro n  spectrum o f  th e  source ; th e y  then  
re v e rse d  th e  p o l a r i t y  o f  th e  e lec tro -m ag n e t,  c u t  down th e  s o l id  
angle  of th e  sp ec tro m ete r  by a known f a c t o r ,  and observed th e  
b e ta - r a y  spectrum. In  t h i s  way th e y  were ab le  to  determ ine 
th e  number of  p o s i t ro n s  em itted , and th e r e f o r e  th e  number o f  
p a i r s  c re a te d ,  p e r  b e ta - r a y  em itted  by th e  sou rce . This 
q u a n t i ty  they  found to  have a va lue  of approxim ately  2 xlCT^ 
f o r  bo th  th e  ThB and Radon sou rces . This work was re p e a te d  
in  1946 by B rad t, H a l te r ,  Heine and S ch e rre r ,  and was c a r r i e d  
to  a v e ry  h igh  degree o f  p re c is io n  in  l a t e r  Russian work 
reviewed by Latyshev (1947). In k i s  review  paper, Latyshev 
e x h ib i t s  curves showing th e  p o s i t ro n  s p e c t r a  o f  th e  two sources  
m entioned/
84.
mentioned above, which show not only  th e  main spectrum due to  
th e  s tro n g  e n e rg e t ic  gamma-ray in  each case , b u t a lso  s u b s id ia ry  
s te p s  in  th e  s p e c t r a l  d i s t r i b u t i o n s ,  co rrespond ing  to  th e  
i n t e r n a l  p a i r  convers ion  of o th e r  minor gamma-rays. By 
measuring th e  a re a s  under bo th  th e  main and component curves , 
th e  au th o rs  were ab le  to  determ ine th e  r e l a t i v e  v a lu e s  o f  the  
I .P .C .C . f o r  th o se  gamma-rays whose r e l a t i v e  i n t e n s i t i e s  were 
known from o th e r  experim ents . (On th e  Compton e le c t ro n s  
produced by th o se  gam ma-rays.) On th e  assumption th a t  one 
p a r t i c u l a r  gamma-ray l i n e  from each source was o f  e l e c t r i c  
d ip o le  o r  quadrupole o r ig in ,  as  th e  case  may be , th e  au th o rs  
were ab le  to  show t h a t  th e  p o in ts  co rrespond ing  to  th e  o th e r  
minor l i n e s  a l l  l a y  c lo se  to  one o r  o th e r  o f  th e  curves o f  
Ja e g e r  and Hulme. Latyshev a lso  quoted an experiment i n  which 
th e  a b so lu te  magnitude of th e  I .P .C .C . was measured f o r  th e  
2.62 M.E.V. l i n e  of  ThC", and once again  th e  v a lu e  o b ta in ed  
agreed  w ell w ith  th a t  g iven  by Ja e g e r  and Hulme f o r  an 
e l e c t r i c  quadrupole t r a n s i t i o n .
I t  i s  c l e a r  th en , t h a t  th e  above work, m ainly c a r r i e d  out 
by th e  R ussians , e s ta b l i s h e d  t h a t  th e  cu rves  o f  Ja e g e r  and Hulme 
gave th e  c o r r e c t  v a lu e s  f o r  th e  I .P .C .C . f o r  e l e c t r i c  d ip o le  and 
quadrupole t r a n s i t i o n s  in  a heavy elem ent. More re c e n t  work has 
been co n fined  to  th e  in v e s t ig a t io n  o f  th e  100$ p a i r  producing 
t r a n s i t i o n  in  (Hornyak and L a u r i ts e n ,  1 9 4 ^  and th e  i n t e r n a l  
p a i r /
*  T h is  i s  a v e ry  s p e c ia l  case where th e  emission o f  gamma- 
r a d i a t i o n  i s  com pletely  fo rb id d en , and need n o t concern us h e re .
85.
p a i r  c r e a t io n  due to  th e  3*1 M.E.V. gamma— ra y s  from th e  r e a c t io n  
12 1*5C (d,p)C . (Dougherty, Hornyak, L a u r i tse n  and Rasmussen, 1948), 
These l a t t e r  au th o rs  measured th e  I .P .C .C . very  roughly  f o r  th e  
t r a n s i t i o n  in v e s t ig a te d ,  and found i t  to  be of th e  o rd e r  o f  10“  ^
p a i r s  p e r  quantum, th u s  showing t h a t  th e  p re d ic t io n  of  Ja eg e r  
and Hulme, t h a t  th e  I .P .C .C . i s  n e a r ly  independent o f  Z, i s  
c e r t a i n l y  t r u e  q u a l i t a t i v e l y .  I t  i s  t h i s  somewhat s u rp r i s in g  
r e s u l t  ( s u r p r i s in g  because th e  e x te rn a l  p a i r - c r e a t io n  e f f e c t  i s  
p ro p o r t io n a l  to  Z ) which makes th e  I .P .C .C . so im portan t in  
th e  d e te rm in a tio n  of th e  m u lt ip o le  o rd e r  o f  t r a n s i t i o n s  in  th e  
l i g h t  n u c le i .  The im portance o f  th e  p ro cess  i s  enhanced s t i l l  
f u r t h e r  by th e  f a c t  t h a t  i t  in c re a s e s  w ith  th e  energy o f  th e  
t r a n s i t i o n ,  so t h a t  i t  p ro v id es  a method which i s  complementary 
to  t h a t  o f  observ ing  i n t e r n a l  convers ion , s in c e  th e  new e f f e c t  
i s  s tro n g  in  th e  very  ca ses  where th e  o th e r  i s  weak.
In  view of th e  above argument, i t  seems s u r p r i s in g  t h a t  
th e  p o s s i b i l i t y  o f  th e  use of th e  i n t e r n a l  p a i r - c r e a t i o n  e f f e c t  
to  determ ine m u lt ip o le  o rd e r  was com pletely  overlooked u n t i l  
1949 when i t  was p o in te d  ou t ind ep en d en tly  by Devons (1949, 
p . 100), and th e  p re se n t  a u th o r  (Rae, 1949) who used th e  e f f e c t  
to  de term ine th e  m u lt ip o le  o rd e r  o f  th e  2#76 M.E.V. gamma-ray 
from th e  r a d io a c t iv e  decay o f  Sodium-24. In  1949 a l s o ,  th e  
th e o ry  o f  th e  e f f e c t  was su b je c te d  to  f u r t h e r  i n v e s t ig a t io n  by 
Rose, who p u b lish ed  a comprehensive s e t  o f  cu rves , g iv in g  th e
I .P .C .C .  f o r  b o th  e l e c t r i c  and magnetic t r a n s i t i o n s  up to  
25 -p o le ,  f o r  a l i g h t  elem ent.
T he/
The rem aining s e c t io n s  o f  t h i s  c h a p te r  w i l l  d e s c r ib e  th e  
a u th o r ’ s experim ents on Sodium-24, and p o s s ib le  e x ten s io n s  of 
th e  techn ique  employed, to  determ ine th e  m u lt ip o le  o rd e r  of 
t r a n s i t i o n s  no t fo llo w in g  b e ta -d eca y , o r  where th e  l i f e t im e  of 
t h i s  decay i s  v e ry  s h o r t .
1 7 .2 .  Sodium-24.
(a) Experiment.
Sodium-24 was chosen as th e  su b je c t  of t h i s  experiment
because i t  i s  th e  only  l i g h t  element whose r a d io a c t iv e  decay
combines th e  d e s i r a b le  q u a l i t i e s  o f  a reaso n ab ly  long  h a l f - l i f e
(15 hours) w ith  th e  em ission of an e n e rg e t ic  gamma-ray (2.76
M .E.Y.). I t  was p a r t i c u l a r l y  s u i t a b l e  f o r  th e  experim ent, in
%
t h a t ,  in  a d d i t io n  to  th e  above two p r o p e r t i e s ,  i t  was a lso  
known to  s u f f e r  a sim ple b e ta -d eca y  fo llow ed  by th e  em ission  of 
two gamma-rays in  cascade, o f  e n e rg ie s  1 .38  and 2.76 M.E.Y. 
(Wiedenbeck, 1947, and see a l s o  r e f e r e n c e s  q u o te d .)  T h is  meant 
t h a t  a measurement of  th e  t o t a l  number o f  p o s i t ro n s  c re a te d  by 
th e  gamma-ray concerned, in  a g iven  tim e, combined w ith  a 
s im i la r  measurement of  t h e  number o f  decay e le c t ro n s  em itted , 
would p rov ide  a d i r e c t  d e te rm in a t io n  o f  th e  I .P .C .C .  o f  th e  
l i n e .  The main source o f  e r r o r  in  such a  d e te rm in a t io n  would be 
l i k e l y  to  a r i s e  because of th e  p o s s ib le  change in  th e  o v e r a l l  
e f f i c ie n c y  o f  th e  sp ec tro m ete r  u sed , w ith  energy. Here again  
th e  cho ice  of Na2^ was a  p a r t i c u l a r l y  happy one, in  t h a t  th e  
maximum energy o f  th e  p o s i t r o n s  produced i s  1 .8  M.E.Y. which
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i s  q u i te  c lo se  to  th e  maximum energy o f  th e  d i s in t e g r a t io n  
e le c t ro n s  (1 . 4  M .E.V.). Thus th e  e r r o r  a r i s i n g  in  t h i s  way i s  
c e r t a i n l y  t r i v i a l ,  s in c e  only  a n e g l ig ib le  p a r t  o f  each sp e c t-  
:rum l i e s  in  th e  low energy reg io n  where lo s s e s  in  e f f i c ie n c y  
become a p p re c ia b le .
The H a ^ ,  which was o b ta in ed  from A .E .R .E ., was in  th e  
form o f  sodium ca rb o n a te ,  and 100 mg of th e  a c t iv e  m a te r ia l  was 
d is s o lv e d  in  a  few drops o f  w ater  and th e n  evapora ted  to  d ryness 
on a  small t r a y  of t h i n  aluminium f o i l  (0.002* th ic k )  m easuring 
3 .5  cm by 8 mm. The source th u s  formed was o f  s u i t a b l e  
dimensions f o r  use in  t h e  s e m i- c i r c u la r  sp ec tro m ete r ,  and had 
an i n i t i a l  a c t i v i t y  o f  th e  o rd e r  o f  10 mC. The sp ec tro m ete r  
was used w ith  a r e s o lv in g  power o f  50, and w ith  double c o u n te rs  
to  keep th e  background low. The tech n iq u e  used was to  reco rd  
th e  p o s i t ro n  spectrum w hile  th e  source was as a c t iv e  as 
p o s s ib le ,  and then  to  compare th e  a re a  under t h i s  curve w ith  
th e  a r e a  under t h e  curve o b ta in ed  by re c o rd in g  th e  b e ta - ra y  
spectrum, th e  l a t t e r  being  determ ined a f t e r  th e  source had been 
allow ed to  age f o r  a few days, i n  o rd e r  to  b r in g  th e  b e ta - r a y  
i n t e n s i t y  down to  a workable l e v e l .  The cu rves o b ta in ed  a re  
shown in  F ig u re  27, and th e  v a lu e  o f  th e  I .P .C .C .  determ ined 
from t h i s  d a ta  i s  (1.16 -  0 .10 )x l0~?  The t h e o r e t i c a l  v a lu e s  
o f  th e  c o e f f i c i e n t ,  as c a lc u la te d  by Ja e g e r  and Hulme, a re  
shown in  F ig u re  26, and i t  w i l l  be n o t ic e d  t h a t  th e  above v a lu e  
very  n e a r ly  c o in c id e s  w ith  th e  Z=0 curve f o r  e l e c t r i c  d ip o le  
t r a n s i t io n s *
A /
A f u r t h e r  check on t h i s  measurement i s  a v a i la b le  i f  th e  
number of p o s i t ro n s  from th e  N a ^  source i s  compared w ith  th e  
number from a source of ThCw, prov ided  th e  r a t i o  o f  th e  gamma- 
ray  i n t e n s i t i e s  i s  known. In  o rd e r  to  a s c e r ta in  t h i s  r a t i o ,  
th e  s h u t t e r  on th e  sp ec tro m ete r  was used to  p la c e  a th i c k  le ad  
f o i l  im m ediately i n  f r o n t  o f  t h e  sou rce . The p o s i t ro n  s p e c t r a
ENERGY
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(a) Positrons from bare source. (6) Positrons from thick lead foil.
(c) Electrons.
Figure 27» Spectra o f Sodium-24»
o f U a^  w ith and without the lea d  f o i l  in  p lace are shown in  
Figure 27> and a s im ila r  p a ir  o f curves was obtained fo r  a 
source o f ThC". By comparing the areas under the four curves 
and making a sm all correction  fo r  the d iffer en ce  in  energy 
between the two gamma-rays, a va lue o f 2 .38 -  0 . 3 0  was obtained  
f o r /
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f o r  th e  r a t i o  I .P .C .C .(N a ) / l .P .C .C .(T h C " ) .  Assuming t h a t  th e  ThC1 
l i n e  i s  o f  e l e c t r i c  quadrupole o r ig in  (Latyshev, 1947), we can ob- 
s t a in  from F ig u re  26 t h e o r e t i c a l  v a lu e s  o f  t h i s  r a t i o  f o r  th e  
c a se s  of th e  Ha l i n e  be ing  e i t h e r  of e l e c t r i c  d ip o le  or quadrupole 
o r ig in .  These v a lu e s  a re  2.32 and 1.35 r e s p e c t iv e ly .  Hence t h i s  
e x t r a p o la t io n  from th e  known case  of th e  ThC” l i n e  a lso  p la c e s  th e  
c o e f f i c i e n t  f o r  th e  Ha l i n e  on th e  e l e c t r i c  d ip o le  curve . A l te r ­
n a t i v e l y  t h i s  measurement may be reg ard ed  as con firm ation  of th e  
r e s u l t  quoted by Latyshev, th a t  th e  I .P .C .C .  of th e  ThC" l i n e  
l i e s  on th e  e l e c t r i c  quadrupole curve, t h i s  method of measurement 
be ing  s im p le r  th an  th a t  used by th e  R ussians who had to  make 
assum ptions about th e  v e ry  complex decay o f  Th(BvC-vC") in  o rd e r  
to  a r r i v e  a t  an a b so lu te  v a lu e  f o r  th e  c o e f f i c i e n t .
(b) D iscu ss io n . I
The experiment c e r t a i n l y  shows t h a t  th e  th e o ry  p r e d i c t s  th e  j 
c o r r e c t  o rd e r  o f  magnitude f o r  th e  I .P .C .C .  o f  t h e  gamma-ray in ­
v e s t i g a t e d .  Since* however th e  th e o ry  i s  known to  be in  a c cu ra te  
agreement w ith  experim ent in  th e  case  o f  th e  heavy r a d io a c t iv e  
e lem ents, i t  seems reaso n ab le  to  go f u r t h e r  and assume t h a t  i t  pre- 
: d i e t s  th e  c o r r e c t  r e s u l t s  f o r  th e  s im pler  case of  th e  l i g h t  e l e -  j 
:m ents. I f  t h i s  i s  so, then  th e  gamma-ray in v e s t ig a te d  i s  o f  |
e l e c t r i c  d ip o le  o r ig in .  T h is  in fo rm atio n  enab les  us to  e s t a b l i s h  a
24-sim ple energy l e v e l  scheme f o r  th e  Mg n u c leu s ,  f o r  i t  has been ! 
shown by Wie&enbeck 0-947) t h a t  th e  l e v e l  scheme i s  g iven by e i t h e r
( a ) /
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(a) o r  (b) in  F ig u re  28. How P o l la rd  and A lburger (194-8), from
experim ents on th e  l a rg e  angle  s c a t t e r i n g  o f  th e  gamma-rays
from Ha by t a r g e t s  o f  Mg and Al, s t a t e  t h a t  t h e ^ t r a n s i t i o n s
to  th e  ground s t a t e  o f  th e  M n u c l e u s  from th e  l e v e l s  a t
o>* oj w W t ^  ftx tt OfUOtbJ 
1 .38  and 2.76 M .E .v ., "thoy- Qxlofr) a re  c e r t a i n l y  of quadru-
:p o le  o r  h ig h e r  o rd e r .  I f  then  we accep t t h a t  th e  2.76 M.E.V.
l i n e  i s  o f  e l e c t r i c  d ip o le  o r ig in ,  we must r e j e c t  scheme (b)





Energy Level Diagram of Mg24 Nucleus.
F ig u re  28. Energy Level Diagram o f  M g^ Nucleus.
We can a lso  go f u r t h e r  and a s s ig n  t e n t a t i v e  s e t s  o f  sp in  
and p a r i t y  v a lu e s  to  th e  l e v e l s  in  th e  decay scheme. I f  we 
make th e  s im p les t  assum ption, namely t h a t  th e  1 .38  M.E.V. l i n e  
i s  o f  e l e c t r i c  quadrupole o r  magnetic d ip o le  o r ig in ,  th en  s in c e
t h e /
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th e  ground s t a t e  has zero  sp in  and even p a r i t y ,  i t  fo llo w s from 
th e  t a b l e  quoted in  I V . l . ( b )  t h a t  th e  1 .38  M.E.V. l e v e l  i s  of 
even p a r i t y  and has sp in  1 o r  2. The e l e c t r i c  d ip o le  n a tu re  o f  
th e  2.76 M.E.V. r a d ia t io n  makes th e  p a r i t y  of  th e  4 .14  M.E.V. 
l e v e l  odd, and i t s  sp in  0 ,1 ,  2 o r  3 • To choose between th e  
v a r io u s  p o s s ib le  s e t s  o f  v a lu e s ,  i t  i s  n ecessa ry  to  co n s id e r  
th e  n a tu re  o f  th e  b e ta -d ecay , which i s  f i r s t  fo rb id d e n . 
(Siegbahn, 1946,b ) .  This  le a d s  to  th e  s e le c t io n  r u l e s  IJ1 -  IJ*I 
= 0 ,1 ,2  w ith  a change in  p a r i t y .  The sp in  change zero  i s  not 
p e rm is s ib le  in  t h i s  c a se ,  however, s in c e  t h i s  would always 
perm it an allowed b e ta  decay to  th e  l e v e l  a t  1 .38  M.E.V. which 
i s  not observed. (Spin change 0 ,1  w ith  no change in  p a r i t y ) .  
Also i t  i s  known from th e  observed shape of th e  spectrum , which 
i s  s im i la r  to  t h a t  o f  an allowed t r a n s i t i o n ,  t h a t  th e  change in  
sp in  cannot have th e  v a lu e  2. (Konopinski and Uhlenbeck, 1941)* 
Hence th e  sp in  change must have th e  v a lu e  1, and so i t  i s  
p o s s ib le  to  make a diagram o f  a l l  th e  p o s s ib le  s e t s  o f  sp in  
v a lu e s ,  as  shown in  F ig u re  29* and th e s e  a re  seen s t i l l  to  be 
e leven  in  number, l e t  us co n s id e r  th e s e  s e t s  in  tu r n .
( 0 ,1 ,0 ,1 )  i s  u n ten ab le  because i t  p e rm its  an allowed b e ta - ra y  
t r a n s i t i o n  to  th e  s t a t e  a t  1 .38  M.E.V., and in  th e  same way 
we can r u l e  out th e  s e t s  ( 0 ,1 ,1 ,0 ) ,  ( 0 ,1 ,1 ,2 ) ,  ( 0 ,1 ,2 ,1 ) ,  
( 0 ,2 ,1 ,2 ) ,  ( 0 ,2 ,2 ,1 ) ,  ( 0 ,2 ,2 ,3 )  and (0 ,2 ,3 * 2 ) .  T h is  le a v e s  
th e  th r e e  s e t s  (0 ,1 ,2 ,3 )>  ( 0 ,2 ,1 ,0 )  and (0 ,2 ,3 * 4 )  of which 
th e  middle s e t  i s  a lso  u n ten ab le  because i t  would perm it a 
d ip o le /
92.
d ip o le  t r a n s i t i o n  from th e  l e v e l  a t  4 .14 M.E.V. to  th e  ground 
s t a t e ,  which i s  not observed . Hence from th e  apparent maze o f  
p o s s ib le  s e t s  o f  sp in  v a lu e s  f o r  th e  th r e e  unknown l e v e l s  in  
th e  decay scheme, a knowledge of th e  m u lt ip o le  o rd e r  o f  one 
o f  th e  gamma-rays and th e  assumption o f  th e  o rd e r  o f  th e  o th e r ,





F ig u re  29* P o s s ib le  S e ts  o f  Spin V alues.
enab les  us to  reduce th e  number o f  p e rm is s ib le  s e t s  to  two.
I f  th e  l a t t e r  assumption i s  n o t made, and th e  1 .38  M.E.V. l i n e  
i s  allowed to  be of  e l e c t r i c  oc tupo le  o r  magnetic quadrupole 
o rd e r ,  th e n  a l l  th e  p o s s ib le  ca ses  a re  co n s id e red , s in c e  
h ig h e r  m u lt ip o le s  a re  r u le d  out by c o n s id e ra t io n s  o f  th e  l i f e ­
rtim e o f  th e  s t a t e .  This  a d d i t io n a l  p o s s i b i l i t y ,  however, 
o n ly /
only in tro d u c e s  one new s e t  o f  sp in  v a lu e s ,  s in ce  an a n a ly s is  
o f  th e  above type  shows t h a t  in  t h i s  case  th e  p a r i t i e s  are  











F ig u re  30* Allowed S e ts  o f  Spin and P a r i t y  V alues.
a re  (0 ,2 ,3>4) and (0 ,3>4j5)*  The fo u r  p o s s ib le  complete 
s p e c i f i c a t io n s  of  th e  decay scheme a re  shown in  F ig u re  30.
IV.3» F u tu re  Yifork and p o s s ib le  E x tens ions of th e  Technique.
I t  w i l l  be c l e a r  from th e  above d is c u s s io n ,  th a t  th e
sim ple measurement of  th e  I .P .C .C .  f o r  one gamma-ray l i n e ,  when
combined w ith  th e  r e s u l t s  o f  o th e r  experim ents on th e  same 
n u c le u s /
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n u c leu s , can le a d  to  th e  deduction  of a s u r p r i s in g ly  l a rg e  
amount of  in fo rm atio n  concerning th e  s t a t io n a r y  s t a t e s  o f  t h a t  
n u c leu s .  I t  i s  u n fo r tu n a te ,  th e r e f o r e ,  t h a t  th e  case  o f  H a ^  
i s  unique in  t h a t  i t  I s  b e ta  r a d io a c t iv e  w ith  a reasonab ly  long 
h a l f - l i f e ,  has a simple spectrum, and em its  a hard  gamma-ray.
There a re  s e v e ra l  more b e ta - e m i t t e r s  among th e  l i g h t  elem ents
20 28which a lso  emit hard gamma-rays, such as F and A1 , bu t a l l  
have very  sh o r t  h a l f - l i v e s ,  and could  not be in v e s t ig a te d  away 
from t h e i r  p la c e  of o r ig in .  The method o f  in v e s t ig a t io n  would 
then  have to  be to  produce th e se  iso to p e s  by means o f  a n u c le a r  
r e a c t io n  u s in g  th e  p a r t i c l e  a c c e le r a to r ,  and then  to  i n t e r r u p t  
th e  beam p e r io d ic a l l y ,  and c o l l e c t  d a ta  on th e  p o s i t r o n s  and 
d i s i n t e g r a t io n  e lec tro n s ,  during  th e se  b reak s  in  th e  bombardment. 
Apart from th e se  b e ta - e m i t t e r s ,  t h e r e  a re  a lso  th e
i q
r e a c t io n s  in  which a heavy p a r t i c l e  i s  em itted , such as F
1 c
(p,oO0  , where th e  a l p h a - p a r t i c l e s  could  be u t i l i s e d  to  
p rov ide  a measure o f  th e  number o f  t r a n s i t i o n s  ta k in g  p la c e ,  
and t h i s  f ig u r e  could  th e n  be compared w ith  th e  number o f  
p o s i t ro n s  produced, t o  determ ine th e  I .P .C .C .  Here th e  
d i f f i c u l t y  l i e s  in  th e  v e ry  s h o r t  l i f e t i m e s  o f  th e  compound 
n u c l e i ,  which make i t  n ec essa ry  to  count th e  a lp h a - p a r t i c l e s  
a g a in s t  an in te n s e  background of s c a t t e r e d  p ro to n s ,  bu t such 
experim ents a re  p o s s ib le  and could  be b e s t  performed w ith  a 
sp ec tro m ete r  capable  of  fo c u ss in g  th e  a l p h a - p a r t i c l e s  as w ell 
as  th e  p o s i t r o n s .  I t  i s  c l e a r ,  however, t h a t  th e re  a re  many
c a s e s /
95
c a ses  o f  th e  emission of e n e rg e t ic  gamma-rays from l i g h t  
n u c le i ,  where th e re  i s  no p a r t i c l e  em ission a t  a l l ,  such as th e  
v a r io u s  p ro ton  and neu tron  cap tu re  ra d ia t io n s *  For th e se  ca ses  
th e  only  means o f  coun ting  th e  number o f  t r a n s i t i o n s  o ccu rr in g  
i s  to  count th e  gamma-rays em itted  by th e  t a r g e t ,  u s in g  a G.M. 
c o u n te r ,  and to  compare t h i s  f ig u re  w ith  th e  number o f  p o s i t ro n s  
observed in  th e  sp ec tro m ete r .  This  method i s  by no means as 
u n r e l i a b le  as might be imagined, because th e  v a r i a t i o n  in  th e  
e f f ic ie n c y  o f  G.M. co u n te rs  o f  known c o n s t ru c t io n  w ith  energy , 
has been s tu d ie d  a t  g r e a t  le n g th  (Fowler, L a u r i tse n  and 
l a u r i t s e n ,  1 9 4 8 ) , and could  be ap p l ie d -w ith  c o n s id e ra b le  
co n fidence . The main source o f  d i f f i c u l t y  would be th e  
c a lc u la t io n  o f  th e  o v e r a l l  e f f i c ie n c y  o f  th e  sp ec tro m ete r .
T h is , however, need not be a ttem pted , s in c e  i t  can be compared 
accurately with that of th e  c o u n te r  by means o f  a  c a l i b r a t i o n
O  A
experim ent, u s in g  a known b e t  a - e m i t t e r  such as Ha • The 
r e l a t i v e  e f f i c i e n c i e s  o f  th e  sp ec tro m ete r  and th e  c o u n te r  could
be measured a t  low er e n e rg ie s ,  u s ing  some o th e r  r a d io a c t iv e
0source , such as Co , and on ly  in  th e  e x t ra p o la t io n  to  much 
h ig h e r  e n e rg ie s  would th e  p o s s i b i l i t y  o f  e r r o r  a r i s e .  T h is ,  
however, i s  th e  reg io n  where th e  t h e o r e t i c a l  behaviour of  th e  
co u n te r  i s  b e s t  known, and where a lso  th e  e f f ic ie n c y  o f  th e  
sp ec tro m ete r  could be expected  to  rem ain c o n s ta n t ,  s in c e  th e  
two main sources  of in e f f i c i e n c y ,  window and source th ic k n e s s ,  
would be n e g l ig ib le ;  hence th e  e x t ra p o la t io n  could be made 
w ith  some co n fidence .
I t /
I t  i s  proposed to  in v e s t ig a te  a l l  th e se  methods o f  d e te r ­
m in in g  th e  I .P .C .C .  of h ig h  energy t r a n s i t i o n s  in  t h e  l i g h t  e le ­
m e n ts ,  and indeed  th e  spec trom ete r  has been p repared  f o r  th e se  
experim ents and would have been used f o r  t h i s  purpose some tim e 
ago had i t  no t been f o r  th e  r e c e n t  c o n c e n tra t io n  o f  e f f o r t  on 
energy d e te rm in a t io n s  c a r r i e d  out w ith  th e  p a i r  sp ec tro m ete r . 
There i s  however one fundam ental d i f f i c u l t y  which w i l l  c e r t a i n l y  
l im i t  th e  scope o f  such experim ents as c a r r i e d  out w ith  th e  p re -  
:s e n t  s e m i- c i r c u la r  r e s o lv e r ,  and t h a t  i s  th e  weakness of th e  
sources  of  r a d ia t io n  a v a i la b le .  The source s t r e n g th  used in  th e  
sodium experiment was 10 mC, w hile even w ith  th e  P "^ (p ,^ )0 "^  r e -  
: a c t io n ,  which i s  ex trem ely  v ig o ro u s , th e  y ie ld  of gamma-rays 
t h a t  could be expected from th e  a v a i la b le  p ro ton  beam would be of  
th e  o rd e r  o f  1 mC a t  th e  660 K.E.V. resonance , and 3  mC a t  th e  
340 K.E.Y. resonance; f o r  most r e a c t io n s  th e  y ie ld  would be much 
l e s s .  This  i s  a s e r io u s  d i f f i c u l t y  when i t  i s  r e a l i s e d  t h a t  even 
w ith  th e  s tro n g  sodium source , th e  counting  r a t e  in  th e  p o s i t ro n  
spectrum was on ly  o f  th e  o rd e r  o f  5 0  coun ts  p e r  m inute, compared 
w ith  th e  u l t im a te  co u n te r  background of 1 . 5  counts p e r  m inute. 
(The a c tu a l  co u n te r  background was 19 counts p e r  minute, on ac - 
:count o f  th e  leakage  o f  gamma-rays th rough  th e  le a d  s h ie ld in g . )
I t  i s  c l e a r  th e n ,  t h a t  w hile th e  s tro n g  f lu o r in e  
r a d i a t i o n s  can probably  be ana lysed  s u c c e s s fu l ly  w ith th e  
p re s e n t  sp ec tro m ete r ,  any attem pt to  s tudy  th e  r a d ia t io n s  from 
much weaker r e a c t io n s  would in v o lv e  th e  use o f  a spec trom ete r  
o f  much g r e a t e r  i n t e n s i t y  f a c t o r .  S ince th e  in s tru m en t would 
a l s o /
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a lso  be r e q u i r e d  to  fo cu s  h igh  energy p a r t i c l e s ,  i t  would seem 
t h a t  th e  b e s t  ty p e  of r e s o lv e r  to  use would be some m o d if ic a t io n  
of  th e  d o u b le -fo cu ss in g  in s tru m en t,  designed  t o  g ive  a l a rg e  
s o l id  angle  with com parative ly  low r e s o lu t io n .  ( i t  w i l l  be 
remembered here  t h a t  th e  do u b le -fo cu ss in g  in s tru m e n ts  con­
s t r u c t e d  so f a r ,  have a l l  been designed w ith  h igh  r e s o lu t io n  
as t h e i r  f i r s t  re q u ire m e n t .)  This problem has been d iscu ssed
proton beam
target
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vacuum tank. peto-pi«c«s to f v t  M k  tocaaniny.
F ig u re  31* S em i-C ircu lar  Double-Focussing Wedge Spectrom eter.
a t  le n g th  by th e  au th o r  and Mr. J.G-. R u therg len , who i s  a lso  
i n t e r e s t e d  in  th e  c o n s t ru c t io n  o f  such an in s trum en t as  an alpha- 
p a r t i o l e  sp ec tro m ete r ,  and th e  design  most s u i t e d  t o  th e  problem 
and to  t h e  e lec tro -m ag n e t a v a i l a b le  seems to  be a s e m i- c i r c u la r  
d o u b le -fo cu ss in g  "wedge” . Such an in s tru m en t which i s  shown 
s c h em a tic a l ly  in  F ig u re  31, would have a s o l id  angle  o n ly /
only  s l i g h t l y  sm a lle r  th a n  a  f u l l  double fo c u ss in g  r e s o lv e r ,  
and would have th e  advantage t h a t  w ith  th e  g r e a t e r  r a d iu s  o f  
cu rv a tu re  a v a i la b le ,  p a r t i c l e s  o f  h ig h e r  momentum could  be 
fo cu ssed . Other p o in ts  in  favou r o f  th e  "wedge” design a re  
t h a t  more space i s  a v a i la b le  f o r  le a d  s h ie ld in g ,  and a lso  
t h a t  th e  source  and d e te c to r  a re  o u ts id e  th e  magnetic f i e l d  
which makes th e  bombardment o f  th e  t a r g e t  much e a s i e r ,  and 
which would a lso  perm it th e  use of an e le c t ro n  m u l t i p l i e r  as 
d e te c to r .  I t  i s  proposed to  proceed w ith  th e  design  and 
c o n s t ru c t io n  o f  such an in s tru m en t o r  in s tru m e n ts  which w i l l  
be used in  th e  study  of problems such as th o se  d iscu sse d  above.
To sum up t h i s  l a s t  c h a p te r ,  we might say t h a t  th e  
experim ent on U a ^  i l l u s t r a t e s  th e  s im p l ic i ty  and power o f  
th e  method o f  determ in ing  th e  sp in s  of n u c le a r  l e v e l s  th ro u g h  
measurements made on th e  i n t e r n a l  p a i r  e f f e c t .  With t h i s  
method a v a i la b le ,  and p o s s ib ly  r e in fo rc e d  in  th e  f u tu r e  by 
th e  c o n s t ru c t io n  o f  a spec tro m ete r  o f  much h ig h er  i n t e n s i t y  
f a c t o r ,  and w ith  th e  p a i r  spec trom ete r  a v a i la b le  f o r  r a p id  
survey measurements o f  whole gamma-ray s p e c t r a ,  i t  seems 
p o s s ib le  to  c lo s e  th e  c h a p te r  and indeed t h i s  t h e s i s  in  f u l l  
confidence  t h a t  i f  th e  work d esc r ib ed  in  th e se  pages i s  
c a r r i e d  forw ard  d i l i g e n t l y ,  then  some r e a l  p ro g re ss  w i l l  have 
been made in  th e  study  of th e  s t a t io n a r y  s t a t e s  o f  th e  l i g h t  
n u c le i ,  and one more s te p  w i l l  have been taken  towards our 
f i n a l  unders tan d in g  of th e  s t r u c tu r e  o f  th e  atomic n u c leu s .
i .
A P P E N D I X  I .
A MAGNETIC SPECTROMETER OF LARGE SOLID ANGLE.
by
E. R. Rae,
Department of N atu ra l Philosophy,
The U n iv e rs i ty  of  Glasgow.
(A paper accep ted  f o r  p u b l ic a t io n  by th e  ^Philosophical Magazine1) 
SUMMARY.
An account i s  g iven of a magnetic spec trom ete r  o f  l a rg e  
s o l id  angle and good r e s o lu t io n  which should f in d  a p p l ic a t io n s  in  
th e  s tudy  of complex b e ta - ra y  s p e c t r a  by th e  method of beta-gamma 
c o in c id e n ces .
The o r ig in a l  a p p a ra tu s ,  c o n s is t in g  of  a segmented an n u la r  
G-.M. coun te r  s e t  round a r a d io a c t iv e  source in  a magnetic f i e l d  
i s  d e sc r ib e d ,  th e  method of use being to  s e l e c t  from th e  ou tpu t 
of th e  co u n te r ,  l a r g e  p u lse s  which correspond to  th e  sim ultaneous 
t r i g g e r in g  of s e v e ra l  s e c t io n s  by th e  passage of  an e le c t ro n  
t a n g e n t i a l l y  to  th e  annu la r  c o u n te r .  The performance o f  th e  
in s tru m en t i s  d isc u ssed  and m o d if ic a t io n s  a re  d esc r ib ed  which 
r e c t i f y  th e  d e fe c ts  in  th e  e a r l i e r  design  and g ive  a s o l id  angle 
of 2.5% of 4I? w ith  a r e s o lu t io n  o f  5%.
The geometry of t h i s  type  of sp ec tro m ete r  i s  c o n s id e red  and 
th e  performance which might be ob ta ined  w ith  good design  i s
d is c u s s e d /
d isc u sse d . I t  i s  concluded t h a t  c o l l e c t in g  ang les  up to  th e  
o rder  of 50?o o f  4" a re  p o s s ib le  w ith  good r e s o lu t io n .
1 . I  INTRODUCTION.
An account has r e c e n t ly  been p u b lish ed  by Siegbahn and 
S l a t i s  (1949) of an in s trum en t f o r  th e  de te rm in a tio n  of th e  
en e rg ie s  of b e ta  and gamma r a d i a t i o n s .  The device  c o n s is t s  of 
an arrangement f o r  p la c in g  th e  source of the  r a d ia t io n s  a t  th e  
c e n tre  o f  an annu la r  G.M. co u n te r  whose p lane  i s  a t  r i g h t  ang les  
to  th e  d i r e c t io n  of th e  magnetic f i e l d .  C onsiderab le  work has 
been done here  on an ap para tu s  which i s  s u p e r f i c i a l l y  v e ry  s im i la r  
to  th a t  of th e  above au th o rs ,  but which in  f a c t  has s e v e ra l  ad­
v a n ta g e s  over i t .  For t h i s  reason  i t  has been decided to  p lace  
on re c o rd  t h i s  sh o r t  account of our method which confirm s some of 
th e  r e s u l t s  o f  Siegbahn and S l a t i s  and which a lso  le a d s  to  th e  
design  o f  a magnetic spec trom ete r  of v e ry  l a rg e  s o l id  ang le  which 
should prove a v a lu a b le  to o l  in  th e  exam ination of complex b e ta -  
ray  s p e c t r a  by th e  method of beta-gamma co in c id en ces .
2. DESCRIPTION OF ORIGINAL APPARATUS.
The device as o r i g i n a l l y  designed by Dr. S.C. Curran 
c o n s is te d  of an annu la r  coun te r  w ith  th e  w ire supported  on a 
l a rg e  number (about 40) of sm all i n s u l a t i n g  p i l l a r s  which had 
th e  e f f e c t  o f  s p l i t t i n g  th e  main coun te r  in to  a l a r g e  number of  
sm all co u n te rs  a c t in g  in  p a r a l l e l  (Stever, 1942; Curran and Rae,
1 9 4 7 ) . /
i i i .
1947). A sk e tch  of th e  ap para tu s  i s  given in  F ig u re  1 and i t  
w i l l  be seen th a t  th e  co u n te r  had no window, th e  whole appara tus  
being f i l l e d  w ith  th e  counting  m ix tu re . The in te n t io n  was to  use 
th e  device to  measure th e  energy of hard gamma-rays by d e te c t in g  
th e  p o s i t r o n - e le c t r o n  p a i r s  e je c te d  from a th in  le a d  f o i l  p laced  









F igu re  1. Schematic Diagram of O rig in a l  A pparatus.
and f o r  th e  c o r r e c t  v a lu e  of th e  magnetic f i e l d ,  bo th  p o s i t ro n  
and e le c t ro n  could t r i g g e r  fo u r  or  f i v e  s e c t io n s  of th e  courlter, 
th u s  g iv in g  a p u lse  e ig h t  to  te n  tim es as la rg e  as th e  background 
s in g le  s e c t io n  p u lse s .
U n fo r tu n a te ly /
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U n fo rtu n a te ly  t h i s  simple and e leg an t arrangement d id  not 
y ie ld  th e  expected r e s u l t s ,  f o r  two main re a s o n s :  f i r s t l y
because th e  background was found in  f a c t  to  c o n ta in  a la rg e  number 
o f  double and m u lt ip le  p u lse s  owing to  bad geometry which made i t  
h ig h ly  probab le  t h a t  a p a r t i c l e  e n te r in g  one s e c t io n  o f  th e  
coun te r  would be s c a t te r e d  in to  a t  l e a s t  one more. This meant 
t h a t  th e re  was a co n s id e ra b le  number of fo u r  and f i v e - f o l d  p u lse s  
when a s tro n g  gamma-ray source was being used , and so th e  number 
of  a c c id e n ta l  co in c id en ces  between th e s e ,  g iv in g  e ig h t  to  te n ­
f o ld  p u lse s  was no t n e g l ig ib le .  The second d i f f i c u l t y  was t h a t  
because th e  co u n te r  s e c t io n s  were so sh o r t  r e l a t i v e  to  t h e i r  
l e n g th  th ey  had v e ry  s e r io u s  end e f f e c t s  which caused them to  !
have only  a very  sh o r t  p la te a u .  T h is  meant th a t  even on th e  
p la te a u  th e  p u lse  s iz e  was a s te ep  fu n c t io n  o f  th e  h igh  te n s io n  
v o l ta g e ,  and so i t  was d i f f i c u l t  to  g e t  s t a b le  working and 
re p ro d u c ib le  r e s u l t s ,  s in c e  th e  method depended on s e le c t in g  
p u lse s  o f  p a r t i c u l a r  s iz e  w ith  a d i s c r im in a to r .  These same two \
d i f f i c u l t i e s  a lso  p reven ted  t h e  device from being  used 
s a t i s f a c t o r i l y  in  a s im i la r  manner to  determ ine o rd in a ry  b e ta -  
r a y  and secondary e le c t ro n  s p e c t r a .  I t  was a t  t h i s  p o in t  t h a t  |I
th e  method of removing th e  d is c r im in a to r  and counting  a l l  th e  j
I
p u lse s  o f  a l l  s iz e s  was t r i e d ,  s in c e  though i t  does n o t g ive  t h e  |
spectrum of th e  source d i r e c t l y ,  i t  does overcome th e  d i f f i c u l t i e s  j
!j
mentioned above. This i s  o f  course th e  same method as t h a t  used 1
by Siegbahn and S l a t i s ,  and though i t  was not s tu d ie d  here  in
d e t a i l /  i
d e t a i l ,  the  r e s u l t s  ob ta ined  were very  s im i la r  to  th o se  
pub lish ed  by them. For comparison th e  curves ob ta ined  from the 
secondary e le c t ro n s  e je c te d  from a th ic k  le a d  f o i l  by th e  gamma-
in  F igu re  2. From th e se  r e s u l t s  and a number of o th e r s ,  an 
e m p ir ica l  c a l i b r a t i o n  curve was co n s tru c te d  f o r  th e  device as 
used, in  t h i s  way.
F ig u re  2. I n t e g r a l  Momentum S p ec tra  of  Secondary E le c tro n s  from 
th e  G-amma-Ra.ys of Co^O and th e  A n n ih ila t io n  R ad ia t io n  from Cu^4-7
This method i s  however su b je c t  to  s e v e ra l  s e r io u s  d is ­
a d v a n ta g e s .  F i r s t l y ,  even when one has o b ta ined  th e  experim ental 
i n t e g r a l  spectrum th e re  i s  no e x p l i c i t  way of o b ta in in g  th e  t r u e  
spectrum /
are  shown
2 4 6 8 IO
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spectrum of th e  source because of  th e  f a c t  t h a t  f o r  any 
s e t t i n g  of  th e  magnetic f i e l d  th e  s o l i d  angle o f th e  device i s  
a fu n c t io n  of th e  energy of th e  p a r t i c l e s  d e te c te d .  Thus when 
used in  t h i s  way, th e  device i s  only  s u i t a b le  f o r  determ in ing  end­
p o in ts ,  u n le s s  one i s  p repared  to  c a r ry  out long and te d io u s  
su ccess iv e  approxim ations. Secondly, because of th e  h igh  back­
ground in  th e  c o u n te r ,  p h o to -e le c tro n  l i n e s  and any o th e r  k ind  of 
f i n e  s t r u c tu r e  a re  q u i te  i n v i s i b l e ,  and th ic k  co n v e rto rs  must be 
used f o r  th e  d e te rm in a tio n  of gamma-ray e n e rg ie s  which makes th e  
r e s o lu t io n  of th e  device poor. For in s ta n c e  i t  w i l l  be noted 
t h a t  in  th e  curves f o r  Co given by Siegbahn and Sl§Ltis and 
th e  p re s e n t  au th o r ,  in  n e i th e r  case  was i t  p o s s ib le  to  r e s o lv e  
th e  lower energy l i n e  a t  1 .1  M.E.Y. from t h a t  a t  1 .3  M.E.V. 
T h ird ly ,  as s t r e s s e d  by Siegbahn and S l& tis ,  th e  e f f e c t  of 
s c a t t e r i n g  in  th e  gas i s  such as to  produce counts a t  v a lu e s  of  
th e  magnetic f i e l d  much h ig h e r  than  t h a t  corresponding  to  th e  
t r u e  end-po in t of th e  spectrum being  examined, and t h i s  causes 
d i f f i c u l t i e s  in  th e  i n t e r p r e t a t i o n  of  th e  cu rves . In  a d d i t io n  
to  th e se  c r i t i c i s m s  i t  should be mentioned t h a t  s in ce  one of 
th e  obvious uses  f o r  a l a rg e  s o l id  angle  spec trom ete r  of t h i s  
s o r t  would be th e  s e p a ra t io n  o f  complex b e ta - r a y  s p e c t r a  by th e  
method of beta-gamma co in c id e n ces ,  i t  would be a g r e a t  advantage 
i f  th e  device  could be made to  g ive  th e  t r u e  spectrum in s te a d  of 
an i n t e g r a l  one, s in c e  th e  form er would reduce  th e  background of |j 
a c c id e n ta l  co inc idences  by a very  l a rg e  f a c t o r  nea r  th e  end- ! 
p o i n t /
v i i .
en d -p o in t ,  t h a t  i s  in  th e  reg ion  of th e  g r e a t e s t  i n t e r e s t .  For 
th e se  reasons  i t  was decided t h a t  i t  was worth w hile to  a ttem pt 
to  overcome th e  d i f f i c u l t i e s  in  th e  o r ig in a l  design in  a 
d i f f e r e n t  wav.
3. THE IMPROVED APPARATUS.
A sk e tch  of th e  improved ap para tu s  i s  shown in  F igu re  3 
and i t  w i l l  be seen th a t  th e  number of s e c t io n s  in to  which th e  





F igu re  3. Sketch of Improved A pparatus.
s e c t io n s  and very  much improved e l e c t r i c a l  perform ance. I t  w i l l  
a lso  be noted th a t  th e  s e c t io n s  a re  se p a ra ted  by po ly thene 
p a r t i t i o n s  in s te a d  of th e  p i l l a r s  of th e  o r ig in a l  des ign , and
t h a t /
v i i i .
t h a t  th e se  p a r t i t i o n s  have openings in  them ju s t  la rg e  enough 
to  perm it th e  passage o f  e le c t ro n s  w ith in  th e  d e s ire d  momentum 
range . This has th e  e f f e c t  o f  c u t t in g  down to  a very  la rg e  
ex ten t  th e  number of p a r t i c l e s  which a re  a c c id e n ta l ly  s c a t t e r e d  
in to  more than one s e c t io n .  F in a l ly  th e  dev ice  has been f i t t e d  
w ith  a s e t  o f  b a f f l e s  which perm it only p a r t i c l e s  of the  c o r re c t  
s ign  of charge and th e  c o r r e c t  momentum range to  e n te r  th e  
coun ting  system, and which to g e th e r  w ith  th e  p a r t i t i o n s  ensures  
t h a t  only th o se  p a r t i c l e s  a re  d e te c te d  which have no t been 
s e r io u s ly  s c a t t e r e d  in  th e  gas .
With th e s e  improvements i t  was found p o s s ib le  to  ta k e  
s p e c t r a  w ith  th e  d is c r im in a to r  s e t  to  count s in g le ,  double, or 
t r i p l e  s e c t io n  p u lse s  w ith  good r e p r o d u c ib i l i t y .  The s in g le  
s e c t io n  s p e c t r a  con ta ined  a la rg e  number of sp u r io u s  coun ts  a t  
low en e rg ie s  because of  s c a t t e r i n g ,  bu t th e  s p e c t r a  o b ta in ed  
from th e  double and t r i p l e  s e c t io n  p u lse s  were v e ry  s im i la r .
The spectrum of RaE as o b ta in ed  from an o ld  th in  w alled  Radon 
seed w i t h . t r i p l e  s e c t io n  p u lse s  i s  shown in  F ig u re  4 and i t  w i l l  
be observed t h a t  th e  shape i s  good a p a r t  from a d isp lacem ent of 
th e  number maximum tow/ards h ig h e r  e n e rg ie s  because of th e  
s c a t t e r i n g  of th e  s o f t e r  b e ta - r a y s  in  th e  gas f i l l i n g .  The 
f i l l i n g  f o r  t h i s  run v/as 3 cm. Argon f  1 cm, A lcohol, th e  
working v o l ta g e  about 1100 V. and th e  e s tim a ted  r e s o lu t io n  ( fo r  
t r i p l e s )  o f  th e  o rd e r  of 5$.
These m o d if ic a t io n s  to  C urran ’s o r ig in a l  ap p a ra tu s  th u s
produced /
pro d u ce d  a 360° s p e c t r o m e t e r  w i t h  a r e s o l u t i o n  o f  a b o u t  5% and 
a s o l i d  a n g le  o f  2 . 5°/° o f  4-Tl a s  compared w i t h  1 $  o f  4-ii" f o r  a 
c o r r e s p o n d i n g  s e m i - c i r c u l a r  f o c u s s i n g  s p e c t r o m e t e r .  I t  can 
howre v e r  e a s i l y  be shown t h a t  by a l t e r i n g  t h e  t y p e  o f  c o u n t i n g  
sys tem and so o b t a i n i n g  a  much w id e r  s l i t ,  an i n s t r u m e n t  can 
be b u i l t  which w i l l  g i v e  a  s o l i d  a n g le  o f  20/  o f  4 M w i t h  a  5/  
g e o m e t r i c a l  r e s o l u t i o n ,  and f u r t h e r ,  t h a t  i f  t h e  a p e r t u r e s  i n
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in Kilo-Gauss.centimetres.
F i g u r e  4 . The B e ta -R ay  Spectrum o f  an o l d  Radon Seed.
t h e  p a r t i t i o n s  be tween t h e  c o u n t e r s  and t h e  c o r r e s p o n d i n g  
b a f f l e  sy s te m s  a r e  s p e c i a l l y  shaped ,  t h e n  s o l i d  a n g l e s  up t o  
t h e  o r d e r  o f  50/  o f  4-ff m igh t  be o b t a i n e d  w i t h  5 /  r e s o l u t i o n .  
The d e s i g n  c o n s i d e r a t i o n s  f o r  such  an i n s t r u m e n t  b o t h  i n  t h e  
r e s t r i c t e d /
r e s t r i c t e d  and g e n e r a l  form a r e  d i s c u s s e d  i n  t h e  n e x t  
s e c t i o n .
4- DESIGN CONSIDERATIONS FOR VERY LARGE SOLID ANGLE SPECTROMETER 
I f  we c o n s i d e r  t h e  d iag ram  i n  F i g u r e  5 ( a )  which shows a 




F i g u r e  5» Geometry o f  560° S p e c t r o m e t e r .
( a ) S e c t i o n  by Median P l a n e .
(b)  S e c t i o n  by P l a n e  C o n t a i n i n g  
t h e  Axis  o f  S y m m etry ~
AB r e p r e s e n t s  t h e  i n n e r  edge o f  t h e  c o u n t i n g  a r e a  which h as  
r a d i u s  2R. OLM r e p r e s e n t s  t h e  p a t h  o f  a  p a r t i c l e ,  r a d i u s  r ,  wher 
r  i s  j u s t  g r e a t  enough t o  e n s u r e  t h a t  i t  i n t e r s e c t s  n c o u n t e r  
s e c t i o n s . /
x i .
s e c t io n s ,  Now i t  can e a s i ly  be shown t h a t  i f  i s  th e  angle
subtended a t  0 by a s in g le  s e c t io n ,  t h e n : -
r /R  = sec(n-l«</2)
Hence we can draw up a t a b le  of v a lu e s  o f  r /R  as a fu n c tio n  of  
n and which t a b le  w i l l  t e l l  us how wide we must make th e
counting  a re a  and what o rd e r  of p u lse  s iz e  we must reco rd  to
o b ta in  a g iven r e s o lu t io n  w ith  a given v a lu e  o fo ( .  With = 15°, 
which i s  a s u i t a b le  v a lu e  f o r  ease in  c o n s t ru c t io n ,  we f in d  t h a t  
th e  v a lu e s  of r /R  f o r  n = l ,2 ,3 ,4 ,5  a re  1 .000 , 1 .009, 1 .034 , 1.082 
and 1 .154. This  means th a t  i f  we s e t  th e  l i m i t  of our coun ting  
a re a  a t  2R^ = 1 .07  . 2R and count t r i p l e s ,  then  we have a 
r e s o lu t io n  of th e  o rd e r  o f  5/*.
I f  we now co n s id e r  F igu re  5(b) which r e p r e s e n ts  a s e c t io n  
of th e  spec trom ete r  by a p lane  c o n ta in in g  th e  a x is  o f  symmetry, 
then  th e  magnetic f i e l d  l i e s  along 0Y and 0 r e p r e s e n ts ,  as in  
F igu re  5 (a ) ,  th e  p o s i t io n  of th e  source which in  t h i s  ca se  i s  
assumed to  be em it t in g  m ono-energetic  p a r t i c l e s .  Then OP 
r e p r e s e n ts  th e  p ro je c t io n  in  th e  p lane  o f  th e  paper o f  th e  semi- 
: c i r c u l a r  t r a j e c t o r y  of  a p a r t i c l e  em itted  norm ally  to  th e  p lane  
o f  th e  paper. The s in e  curve 0Q r e p re s e n ts  th e  p ro je c t io n  on 
th e  p lane  of th e  paper o f  th e  h e l i c a l  t r a j e c t o r y  of a p a r t i c l e  
em itted  in  a p lane  th rough  0 p e rp e n d ic u la r  to  OP but whose 
d i r e c t io n  of em ission makes an angle  Q w ith  th e  normal to  th e  
p lane  of th e  paper. Then i f  Q has co o rd in a te s  (x ,y )  w ith  
r e s p e c t  to  0 as o r ig in ,  i t  i s  c l e a r  th a t  i f  OP = 2R, th e  lo c u s  
o f /
of Q i s  th e  e l l i p s e  given by th e  freedom equa tions  x = 2RcosQ,
/*■*
y = " R .s in © , i . e .  th e  e l l i p s e : -
x2/ ( 2 R ) 2 + y 2/(.?R )2 = 1
T his means th a t  th e  lo cu s  of th e  p o in ts  o f  maximum d is ta n c e  from 
th e  ax is  o f  symmetry, of th e  p a r t i c l e s  em itted  from 0, i s  th e  
e l l i p s o i d  of r e v o lu t i o n : -
(x2 + z2 ) /(2 R )2 + y2/(G R)2 = 1 
How i t  can e a s i ly  be shown t h a t  i f  we c o n s id e r  only those  
p a r t i c l e s  which a re  em itted  w ith  ang les  Q ly in g  between Q = - 0  
then  th e  s o l id  angle in to  which they  a re  p ro je c te d  i s  4-lisin/. 
Hence f o r  a geometry to  c o l l e c t  10$ of a l l  th e  p a r t i c l e s  from 
th e  source , s in 0  = l / l O  and f o r  a l im i t in g  p a r t i c l e  x/2R = 
c o s /  = 1 -1 /200 . That i s ,  th e  s u b s t i tu t i o n  o f  a  r i g h t  c i r c u l a r  
c y l in d e r  of  r a d iu s  2R f o r  th e  e l l i p s o i d  would in tro d u c e  an 
e r r o r  of only in  th e  momentum of th e  p a r t i c l e s  r e g i s t e r e d .
For 20Jo c o l l e c t io n  th e  e r r o r  would be about 2$ and f o r  l a r g e r  
s o l id  ang les  would in c re a s e  r a p id ly .  Thus where an o v e r a l l  
r e s o lu t io n  of th e  o rd e r  o f  5$ i s  d e s ire d ,  a sp ec tro m ete r  o f  
s o l id  angle 20$ o f  4ft could be b u i l t  on th e  same p r in c ip l e  as 
t h a t  d esc r ib ed  in  th e  l a s t  s e c t io n  w ith  simple c y l in d r i c a l  
c o n s tru c t io n  and r e c ta n g u la r  a p e r tu re s  in  th e  p a r t i t i o n s .  For 
l a r g e r  s o l id  an g les ,  th e  p a r t i t i o n s  would have to  be shaped, 
th e  shape being  given by th e  envelope of th e  fam ily  of  s in e  
curves co rresponding  to  th e  p lo t  o f  th e  a c tu a l  d is ta n c e  of th e  
p a r t i c l e  from th e  a x is  o f  symmetry a g a in s t  y. The g en e ra l  shape 
o f  t h i s  curve i s  shown in  f ig u re  6. and i t  has freedom 
e q u a t io n s /
x i i i .
e q u a t i o n s  g iv e n  b y : -
x'~ = -4R^sin^X /cosX (X  -  tanX) 
y 2 = 4R2X3/ ( X  -  tan X )
where X i s  a  p a r a m e t e r  whose v a l u e s  a r e  c o n f i n e d  to  t h o s e  t h a t  
ma^ie tanX/X n e g a t i v e .
a x i s  o f  sy m m e try -
d i s t a n c e  fro m  
a x is  o f  sym m etry .
F i g u r e  6. S e c t i o n  by P l a n e  Through Axis  o f  Symmetry o f
E nve lope  o f  T r a j e c t o r i e s .
I t  i s  c l e a r ,  however,  t h a t  f o r  t h e s e  l a r g e  s o l i d  a n g l e s  
t h e  o r i g i n a l  scheme f o r  h a v in g  a common anode f o r  a l l  t h e  
c o u n t e r s /
co u n te rs  running round th e  median p lane  would have to  be aban- 
rdoned s in c e  th e  depth  of  th e  coun ting  space has become so 
g r e a t .  The d i f f i c u l t y  can be overcome by u s in g  co u n te rs  of 
roughly  square s e c t io n  when viewed along th e  a x is  of symmetry, 
and f i t t i n g  s e p a ra te  anodes p a r a l l e l  to  th e  magnetic f i e l d .
Even w ith  t h i s  method of c o n s tru c t io n ,  however, a r e fe re n c e  to  
F ig u re  6 w i l l  show t h a t  s o l id  ang les  in  excess of about 50$ of
r*
4M would produce co u n te rs  of such a shape t h a t  t h e i r  e f f i c ie n c y  
might be r a t h e r  poor f o r  p a r t i c l e s  i n t e r s e c t i n g  them n ea r  t h e i r  
ends. For t h i s  reason  and because o f  th e  d i f f i c u l t y  of con­
s t r u c t i n g  a b a f f l e  system or t h i n  window of th e  c o r re c t  shape, 
i t  seems p robab le  th a t  50$ c o l l e c t io n  would be about th e  
p r a c t i c a l  maximum. I t  should of course be r e a l i s e d  th a t  th e se  
f i g u r e s  r e p re se n t  th e  id e a l  c o l l e c t in g  f r a c t i o n s  which might be 
ob ta ined  w ith  p e r f e c t  des ign ; in  p r a c t i c e  any b a f f l e  system 
would o b s t ru c t  p a r t  of th e  s o l i d  angle  and any windows would 
cause th e  lo s s  of p a r t i c l e s  by s c a t t e r i n g  as would a lso  th e  gas 
f i l l i n g .  N ev e rth e le s s ,  th e  f ig u r e s  given above r e p r e s e n t  such 
an improvement on th e  c o l l e c t in g  f r a c t i o n s  a v a i la b le  by any of 
th e  conven tiona l methods o f  b e ta - r a y  spec troscopy  t h a t  i t  i s  
f e l t  t h a t  th e  development of t h i s  method would p rov ide  a power­
f u l  to o l  in  th e  study  of complex b e ta - r a y  s p e c t r a  by th e  method 
o f  beta-gamma co in c id en ces .
I  must acknowledge th e  help  given me in  t h i s  work by Dr. 
S.C. Curran who designed th e  o r ig in a l  ap p a ra tu s  and w ith  whom 
I  had many d isc u s s io n s  which were of th e  g r e a t e s t  v a lu e  in  
s u g g e s t in g /
X V .
suggesting  ways of overcoming th e  f a u l t s  in  th e  e a r ly  des ign . 
I  must a lso  thank Mr. E.L. Pursey f o r  d e r iv in g  the  freedom 
equa tions  to  th e  envelope of th e  e le c t ro n  t r a j e c t o r i e s .
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A P P E N D I X  I I .
CIRCUITS OF THE GLASGOW PAIR SPECTROMETER *
F ig u re  7 i s  a b lock  schem atic diagram o f  th e  c i r c u i t s  
a s s o c ia te d  w ith  th e  p a i r  sp ec tro m ete r , and i t  w i l l  be seen t h a t  
d e s p i te  t h e  l a rg e  s iz e  o f  th e  equipment, which c o n ta in s  no 
few er than  150 v a lv e s ,  th e  b a s ic  c i r c u i t s  a re  sim ple.
^ S H A P I N G  AND MIXING RECORDING
UNIT - U N I T .  UNIT
shaping 
c i r c u i t s .
c o in c id en c e
c i r c u i t s .
G.M.P P
F igure  7. Block Schematic Diagram o f  C ircu its*
C onsiderab le  e f f o r t ,  however, was expended in  t h e i r  des ign , in  
o rd e r  to  o b ta in  th e  b e s t  p o s s ib le  performance from th e  a v a i l -  
sab le  components. Taking th e  c i r c u i t s  in  th e  o rd e r  in  which 
th e y  occur, F igu re  8 shows th e  cathode fo l lo w e r  and shaping 
c i r c u i t s , /
x v i i .
c i r c u i t s ,  o f  which th e re  a re  te n  of each. The cathode fo l lo w e rs  
a re  r e a l l y  p a r t  of th e  spec trom ete r  p ro p er , and perform th e  
fu n c tio n  of c a r ry in g  th e  load  o f  th e  long cab le s  from th e  
Spectrom eter Unit to  th e  Shaping and Mixing U n it .  While no 
comment need be made on th e  cathode fo l lo w e r  c i r c u i t ,  th e  
shaping c i r c u i t  i s  of some i n t e r e s t .
IOOK
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F ig u re  8. Cathode Follow er and Shaping C i r c u i t s .
The fu n c tio n  of  t h i s  c i r c u i t  i s  to  produce from th e  coun te r  
p u lse  re la y e d  by th e  cathode fo l lo w e rs ,  which may be 20 to  50 pS 
long , a p u lse  of c o n t r o l l a b le  le n g th  whose f r o n t  edge w i l l  be 
c o in c id e n t  w ith  th e  sharp f ro n t  edge o f  th e  co u n te r  p u lse ,  and 
whose l e n g th  w i l l  be a d ju s ta b le  to  a v e ry  s h o r t  v a lu e .  ( l e s s  
th a n /
x v i i i
than  1 pS ). S evera l schemes were cons idered  f o r  producing t h i s  
r e s u l t  in c lu d in g  th e  use of a  t r ig g e r e d  m u l t iv ib r a to r  c i r c u i t ,  
and a c i r c u i t  embodying a d e la y - l in e  to  produce th e  necessa ry  
sharp p u ls e s .  Of th e s e  two c i r c u i t s ,  th e  form er, while id e a l  
f o r  producing r e l a t i v e l y  long square p u ls e s ,  was found to  be 
very  d i f f i c u l t  to  t r i g g e r  r e l i a b l y  when th e  p u lse  produced was 
r e a l l y  s h o r t .  (Much s h o r te r  than  th e  t r i g g e r in g  p u l s e ) .  The 
d e la y - l in e  c i r c u i t  produced r e s u l t s  v e ry  s im i la r  to  th o se  
o b ta ined  w ith  t h a t  a c tu a l ly  used, bu t was abandoned in  fav o u r  
o f  th e  extreme s im p l ic i ty  of th e  l a t t e r  which used only 
r e s i s t o r s  and condensers and d id  not r e q u i r e  th e  winding of 
s p e c ia l  in d u c tan c es .
R eturn ing  to  th e  c i r c u i t  shown in  F ig u re  8, i s  t h e  
cathode fo l lo w e r  v a lv e ,  and i s  a  s t r a ig h t fo rw a rd  a m p l i f ie r  
which accep ts  th e  n e g a tiv e  p u lse s  from th e  oathode fo l lo w e r ,  and 
produces on i t s  anode a l a r g e  p o s i t iv e  p u ls e .  T h is  p u lse  must 
be l a r g e  enough to  ensure t h a t  i s  run  in to  g r id  c u r r e n t ,  and 
th e  tim e o f  r i s e  of th e  anode v o l ta g e  must be an o rd e r  s h o r te r  
than  th e  ou tpu t p u lse  le n g th  o f  th e  shaping c i r c u i t ,  ( l e s s  than  
1 pS). The v a lu e  of  anode lo a d  chosen ach ieves  bo th  th e s e  
r e s u l t s  w ith  a  co u n te r  p u lse  o f  ^  V. o r  g r e a t e r .
The fu n c t io n  of  i s  to  produce a  v e ry  l a rg e  and very  
s te e p ly  f a l l i n g  n e g a tiv e  p u lse  which i s  d i f f e r e n t i a t e d  by th e  
sm all condenser C and th e  r e s i s t o r  R, th e  le n g th  of th e  
d i f f e r e n t i a t e d  p u lse  produced being  c o n t ro l l e d  by th e  v o l ta g e  
a p p l ied  to  th e  e a r th y  end o f  R by th e  p o te n tio m e te r  P. The 
re q u ire m e n t/
x ix .
requirem ent f o r  a l a r g e  and s te e p ly  f a l l i n g  p u lse  i s  met by
having norm ally  cu t o f f ,  and having i t  tu rn e d  f u l l y  on when
th e  p u lse  from th e  anode of d r iv e s  i t  in to  g r id  c u r r e n t .
The am plitude o f  th e  n eg a tiv e  p u lse  produced a t  th e  p o in t  S
depends on th e  r a t e  of f a l l  o f  th e  p o t e n t i a l  o f  th e  anode of
V^, ( d i f f e r e n t i a t i o n ) ,  w ith  th e  p rov iso  t h a t  th e  c a p a c i ty  C
must be la rg e  enough to  ensure t h a t  a s u f f i c i e n t l y  l a rg e  p a r t
of th e  anode c u r re n t  o f  flow s in to  C to  re p la c e  th e  c u r re n t
th rough  th e  diode V^, s in c e  u n t i l  t h i s  happens, th e  p o t e n t i a l
o f  S w i l l  not change, but w i l l  remain approxim ately  a t  e a r th .
P rovided t h i s  requ irem ent i s  met, th e  a c t io n  o f  th e  p o te n t io -
:meter P in  c o n t r o l l in g  th e  le n g th  of t h e  n e g a tiv e  p u lse
appearing  a t  S i s  as shown in  F ig u re  9. Diagram (a) i l l u s t r a t e s
th e  v a r i a t i o n  o f  th e  p o t e n t i a l  o f  S (E ) w ith  tim e i f  P i s  s e ts
to  e a r th  p o t e n t i a l .  When th e  c i r c u i t  i s  t r ig g e r e d  by a co u n te r
p u lse ,  E drops sh a rp ly  and then  r e tu r n s  e x p o n e n tia l ly  to  e a r th
w ith  a tim e c o n s ta n t  which i s  g iven by RCf where C* i s  th e
t o t a l  c a p a c i ty  between S and e a r th .  When, however, P i s  s e t
to  some p o s i t iv e  p o t e n t i a l ,  E, then  a f t e r  i t s  i n i t i a l  f a l l ,
E approaches th e  l i n e  E = E e x p o n e n tia l ly  w ith  a tim e c o n s ta n t  I s s j
RC*, as shown in  diagram (b ) .  T h is  means t h a t  i t  r i s e s  n e a r ly  
l i n e a r l y  to  th e  v a lu e  zero  in  a v ery  s h o r t  t im e , and i s  h e ld  
th e re  because th e  diode then  s t a r t s  to  conduct. With th e  
v a lv e s  a v a i la b le ,  th e  v a lu e s  o f  R and C a c tu a l ly  used, namely 
50K&and 5 pF, were found to  g ive  th e  b e s t  perform ance. With 
t h e s e /
th e se  components, th e  e f f e c t iv e  le n g th  of  th e  p u lse s  appearing  
a t  S was found to  v a ry  from about 3 p S , when P was s e t  to  
e a r th  p o te n t i a l ,  to  about 0 ,3  p S , when s e t  to  i t s  maximum 
v a lu e  of 100 V. The rem aining v a lv e  in  F ig u re  8, i s  
simply a cathode fo l lo w e r  which a c t s  as  a b u f f e r  between th e  
p o in t  S which must have a low c a p a c i ty  t o  e a r th ,  and th e  in p u t
time.time.
x l O
F igu re  9. V a r ia t io n  o f  Eg w ith  tim e.
impedences o f  th e  f i v e  co inc idence  c i r c u i t s  which a re  connected 
to  each shaping c i r c u i t .
%
One o f  th e  co inc idence  c i r c u i t s  i s  shown in  F igure  10, and 
i t  w i l l  be seen th a t  th e  arrangement used i s  a very  crude one. 
I t  was o r i g i n a l l y  in ten d ed  to  use a Rossi c i r c u i t ,  but i t  soon 
became/
became c l e a r  t h a t  t h i s  type o f  c i r c u i t  i s  u n su ite d  to  very  
sh o r t  r e s o lv in g  tim es, s in c e  i t  in v o lv es  th e  use of a la rg e  
common anode r e s i s t o r ,  which makes th e  r i s e  in  anode p o t e n t i a l  
when a co incidence  occurs , slow. Hence, i f  th e  p u lse s  a re  
s h o r t ,  th e  anodes have only  r i s e n  in  p o te n t i a l  by a v e ry  small 
amount b e fo re  th e  co inc idence  i s  over, and th e  anode p o te n t i a l
■> + 3 0 0  V
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f a l l s  sh a rp ly  back to  i t s  normal v a lu e .  In  o rd e r  to  achieve an 
ou tput p u lse  s iz e  which was s e n s ib ly  independent o f  r e s o lv in g  
tim e and of tim e o f  o v e r lap , th e  common anode lo ad  o f  and 
Vri had to  be reduced to  th e  small v a lu e  used , which means t h a t  
th e  p u lse  appearing  on th e  common anodes when only  one o f  th e  
c o in c id e n c e /
x x i i .
co inc idence  v a lv e s  i s  p u lse d , i s  q u i te  l a r g e ,  being about i  o f  
t h a t  o b ta ined  w ith  a co in c id en ce . The sm a lle r  p u lse s  a re  
e l im in a ted  by th e  t h i r d  v a lv e ,  VQ, which i s  a cathode fo l lo w e r  
which i s  norm ally  cu t o f f  by i t s  cathode being  he ld  a t  about 
25 Y above i t s  g r id .  The small p u lse s  due to  non-co inc idences 
a re  not la rg e  enough to  cause t h i s  v a lv e  to  conduct, bu t a 
co inc idence  a p p l ie s  a p o t e n t i a l  o f  about 40 Y to  i t s  g r id ,  th u s  
causing  an ou tpu t p u lse  in  th e  cathode o f  Vg o f  about 15 to  20 Y. 
The ou tpu t p u lse  from Yg (F igure  10) i s  made as  long as 
p o s s ib le  by means o f  th e  100 pF condenser connected from 
cathode to  e a r th ,  bu t th e r e  i s  a l im i t  to  t h i s  le n g th en in g , 
because t h i s  condenser must be sm all enough to  enable i t  to  
be f u l l y  charged by th e  cathode c u r re n t  of Yg during  th e  v ery  
sh o r t  d u ra t io n  o f  th e  co inc idence  p u ls e .  The o th e r  element 
c o n t ro l l in g  th e  output tim e c o n s tan t  i s  th e  v a lu e  o f  th e  cathode 
r e s i s t o r ,  bu t t h i s  cannot be made too l a rg e  e i t h e r ,  w ithou t lo s s  
o f  s t a b i l i t y  which i s  e s s e n t i a l  s in c e  th e  s ta g e  i s  a c t in g  as a 
d is c r im in a to r .  The v a lu e s  o f  th e s e  two components used , which 
were th e  l a r g e s t  v a lu e s  p r a c t i c a b le ,  g ive  a tim e co n s tan t o f  5 0  
ps. This  of course  i s  t o t a l l y  inadequate  to  o p e ra te  a  m echanical 
r e g i s t e r ,  and b e s id e s ,  th e  p u lse  i s  o f  t h e  wrong sign  s in c e  i t  
was found t h a t  a G-.P.0. te lep h o n e  r e g i s t e r  o p e ra te s  more 
s a t i s f a c t o r i l y  on a sm all c u r re n t  i f  i t  i s  norm ally  energised* 
and i s  sw itched  o f f  by th e  c o n t r o l l in g  im pulse, than  i f  th e  
o p p o s ite  i s  t r u e .
I n /
x x i i i .
In  F igure  11, which shows th e  c i r c u i t  o f  an element o f  a 
Recording U nit, th e  v a lv e  Vg perform s th e  dual fu n c tio n  of 
in v e r t in g  th e  p u lse  from Vg, and in c re a s in g  i t s  am plitude and 
le n g th  to  such v a lu e s  t h a t  i t  can e a s i ly  c o n t ro l  th e  r e g i s t e r ,  
Vg i s  norm ally cut o f f  s in c e  i t s  cathode p o t e n t i a l  i s  kep t a t  
about 10 v o l t s  above e a r th .  When however th e  va lve  i s  caused
■> + 3 0 0 V
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F igure  11. C i r c u i t  o f  an Element of  th e  Recording U nit.
to  conduct by a p o s i t iv e  p u lse  ap p lied  to  i t s  g r id ,  i t s  anode 
r a p id ly  f a l l s  to  e a r th  p o te n t i a l  due to  th e  v e ry  la rg e  c u r re n t  
passed , ( th e  screen  i s  connected to  H.T.), and can only  r e tu r n  
to  i t s  normal h igh  p o t e n t i a l  a f t e r  a tim e determ ined e s s e n t i a l l y  
by th e  tim e taken  f o r  th e  condenser K to  rech a rg e  th rough  th e  
anode/
x x iv .
anode lo a d . This i s  very  lo n g , being  of th e  o rd e r  o f  1 /20  of 
a second, which i s  th e  tim e re q u i r e d  f o r  th e  o p e ra t io n  of  th e  
m echanical r e g i s t e r .  Since th e  coup ling  condenser i s  ve ry  la rg e ,  
as i s  a lso  th e  g r id  le a k ,  a p u lse  o f  t h i s  d u ra t io n  i s  ap p lied  to  
th e  g r id  of  V^q, which i s  cu t o f f ,  th u s  causing  th e  mechanical 
coun ter  in  i t s  anode to  r e g i s t e r  th e  p u ls e .
The only  u n i t s  appearing  in  F igu re  7 s t i l l  rem aining to  be 
d esc r ib ed  a re  th e  Power Supply U n its .  Of th e s e ,  th e  u n i t  
p rov id ing  th e  E.H.T. supply f o r  th e  te n  G.M. co u n te rs  i s  a 
s tan d ard  commercial p roduction  designed by T.fi.E. This u n i t  i s  
equipped w ith  te n  s e p a ra te  p o te n t i a l  d iv id e r s  which enable  the  
p o t e n t i a l  ap p l ied  to  each co u n te r  to  be s e p a ra te ly  c o n t ro l l e d .
The rem aining u n i t s  a re  a l l  o f  s tan d ard  design  p ro v id in g  about 
120 mA a t  3 0 0  V, a p a r t  from t h a t  which su p p l ie s  th e  power f o r  
th e  n e g a tiv e  l i n e  used in  th e  shaping c i r c u i t s .  T h is  u n i t  
p ro v id es  a supply of c u r re n t  (120 mA) a t  a n e g a tiv e  p o t e n t i a l  
which i s  neon s t a b i l i s e d  a t  about 150 V. I t  may be wondered 
why th e  main Shaping and Mixing Unit i s  su p p lied  by no few er 
than  f i v e  se p a ra te  power packs o f  which fo u r  a re  i d e n t i c a l .
The reasons  f o r  t h i s  a re  tw o -fo ld .  F i r s t l y ,  had a s in g le  pov/er 
pack been b u i l t ,  i t  would have weighed as much as th e  f i v e  
taken  to g e th e r ,  and w hile th e  sm a lle r  u n i t s  a re  co n v en ien tly  
p o r ta b le ,  each weighing say 25 l b s . ,  th e  s in g le  l a rg e  u n i t  
would have been v e ry  unwieldy and would c e r t a i n l y  have r e q u ire d  
two men to  move i t .  A lso, th e  t o t a l  h e a te r  c u r re n t  to  be 
s u p p l ie d /
su p p lied  i s  o f  th e  o rd e r  o f  35 Amperes, which i s  a d i f f i c u l t  
amount o f  c u r re n t  to  handle w ithout th e  use o f  ve ry  heavy and 
i n f l e x i b l e  c a b le s .  The second, and p o s s ib ly  th e  more im portan t 
argument in  fav o u r  o f  th e  sm a lle r  u n i t s ,  i s  t h a t  a q u a n t i ty  o f  
t ra n s fo rm e rs  of j u s t  th e  c o r r e c t  type  f o r  t h i s  s iz e  o f  u n i t  
had been acqu ired  by th e  Department from Government D isp o sa ls ,  
and as th e  use of  th e  l a r g e  u n i t  would have invo lved  th e  
purchase of a l a rg e  tra n s fo rm e r ,  th e  i n t e r e s t s  o f  economy 
c l e a r l y  demanded th e  use of th e  sm a lle r  u n i t s .
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